Dont get 
_ trapped... 


by inferior carbon blacks— 
depend on Witco for top performance 
blacks in your natural and synthetic 
rubber formulations. Highest manufacturing 
standards guarantee uniformity and economy... 
and Witco technical service is unsurpassed. 
You can’t buy better than Witco. 


Witco Chemical Company 


Continental Carbon Company 7 
122 East 42nd Street, New York 17, N. Y. SS) 


Chicago - Boston - Akron - Atlanta - Houston - Los Angeles + San Francisco 
London and Manchester, England 


Second-class postage paid at Lancaster, Pa. 
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Manufacturers can overcome the problem of static electricity in tires, 
industrial belting and other rubber products by using Philblack O. 
By adjusting the recipe and mixing time; selecting the proper Phil- 
black at the appropriate loading, you can get rubber compounds ranging 
from good conductors to good insulators. Your Phillips technical repre- 

sentative can help you select the proper Philblack. 
*A trademark 


LET ALL THE PHILBLACKS WORK FOR YOU! 


Philblack A, Fast Extrusion Furnace Black. Excellent tubing, molding, calen- 
dering, finish! Mixes easily. Disperses heat. Non-staining. 


Philblack 0, High Abrasion Furnace Black. For long, durable life. Good 
conductivity. Excellent flex life and hot tensile. Easy processing. 


Philblack |, Intermediate Super Abrasion Furnace Black. Superior abrasion. 
More tread miles at moderate cost. 


Philblack E, Super Abrasion Furnace Black. Toughest black yet! Extreme 
resistance to abrasion. 


District Offices: Chicago, Dallas, Providence and Trenton * West Coast: Harwick Standard Chemical 
Company, Los Angeles, California * Warehouse Stocks at Akron, Chicago, Trenton, Brighton, Mass. and 
Toronto, Canada * Export Sales: 80 Broadway, New York 5, New York + European Office: Phillips Chemical 
Company, Limmatquai 70, Zurich 1, Switzerland. 


fa PHILLIPS CHEMICAL COMPANY, Rubber Chemicals Division, 318 Water Street, Akron 8, Ohio 
Phillips 
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If your product is made of rubber, either natural or 
synthetic, you should protect it from ozone. With 
UOP 88 and the newer UOP 288 you can completely 
eliminate ozone cracking. Don’t take chances with 
the salability of your product when it comes face to 
face with the potential customer. Don’t jeopardize 
repeat business with merchandise that cracks and 
deteriorates. Use UOP 88 or UOP 288—premium 
antiozonants for superior products. Write us for details. 


UNIVERSAL OIL 
PRODUCTS COMPANY 


30 ALGONQUIN ROAD 
DES PLAINES, ILLINOIS 
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FOR CRACKING CONTROL 

[YOU CAN ENHANCE SALABILITY OF YOUR™ 

PROTECTION FROM OZONE CRACKING WITH. 

HVERSAL’S ANTIOZONANTS | OP 88 AND UC 
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DU PONT 
CHEMICALS and 
COLORS 


FOR THE RUBBER INDUSTRY 


DEPENDABLE IN PERFORMANCE .. . UNIFORM IN QUALITY 


ACCELERATORS 
Accelerator 89 MBTS Grains 
Accelerator 552 NA-22 
Accelerator 808 Permalux Thiuram M 
Accelerator 833 Polyac Pellets Thiuram M Grains 
Tepidone Zenite 
Tetrone A 
Thionex 
Thionex Grains 


ANTI-OXIDANTS 
Akroflex C Pellets Neozone A Pellets Thermofiex A Peilets 


ORGANIC ISOCYANATES 

Hylene* M Hylene* T 
Hylene* M-50 Hylene* TM 
Hylene* MP Hylene* TM-65 


Thiuram E 
Thiuram E Grains 


PEPTIZING AGENTS 
Zenite Special Endor 

Zenite A RPA No. 2 

Zenite AM RPA No. 3 


RPA No. 3 Concentrated 
RPA No. 6 


RECLAIMING CHEMICALS 


Akroflex CD Pellets Neozone D Zalba 
Antox Permalux 


MOLD LUBRICANTS AND 
AQUAREXES ( DISPERSING AGENTS 


Aquarex MDL 
Aquarex ME 
Aquarex NS 


Aquarex D 
Aquarex G 
Aquarex L 


Aquarex SMO 
Aquarex WAQ 


BLOWING AGENTS 


RPA No. 3 


RR-10 


SPECIAL-PURPOSE CHEMICALS 


BARAK — Retarder acti- 
vator for thiazole accel- 
erators 

inhibitor 65—|n- 
hibits catalytic action of 


NBC —Inhibits weather 
and ozone cracking of 
SBR compounds. Im- 
proves heat and sun- 
light discoloration resist- 


ance of neoprene stocks. 


RETARDER W 
Retarder-activator for 
acidic accelerators. Also 
an activator for certain 
blowing agents. 


Unicel ND Unicel NDX Unicel S copper on elastomers 


ELA, ELA-N—Elastomer 
lubricating agents 


HELIOZONE—Sun- 
checking inhibitor 


COLORS—Rubber Dispersed Colors 
Rubber Red PBD Rubber Green FD 
Rubber Red 2BD Rubber Blue PCD 
Rubber Yellow GD Rubber Blue GD 
Rubber Green GSD Rubber Orange OD One. U.S. PAT. OFF. 


DISTRICT OFFICES 


Akron 8, Ohio, 40 E. Buchtel Ave. at High St. . . 
Atlanta, Ga., 1261 Spring St., N.W. 

Boston 10, Mass., 140 Federal St. 

Charlotte 1, N. C., 427 W. 4th St. 

Chicago 3, Ill., 7 South Dearborn St 

Detroit 35, Mich., 13000 W. 7-Mile Rd UNiversity 4-1963 
Houston 6, Texas, 2601A West Grove Lane. . . . MOhawk 7-7429 
Los Angeles 58, Calif., 2930 E. 44th St LUdlow 2-6464 
Palo Alto, Calif., 701 Weich Rd Ohvsenent 6-7550 


port 3-7141 
Better Things for Better Living 
«+. through Chemistry 


E. I. du Pont de Nemours & Co. (Inc.) 


-846 
55391 Elastomer Chemicals Department 


TRinity 5-5391 
HAncock 6-1711 
FRanklin 5-5561 
ANdover 3-7000 


In Canada contact: Du Pont Company of Canada (1956) Ltd., Box 660, Montreal 
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MILL SHRINKAGE TEST 


(Stock placed on cold mill, preset at .OSO" between rolls. After stock warmed. 
samples cut and permitted to cool) 


HARDNESS: 


80 
DUROMETER 


40 
DUROMETER 


0% 
CHEMIGUM 
N-B 
100% 
Polymer “A” 


25% 
CHEMIGUM 


N-8 


75% 
Polymer “A” 


STOCK 
COMPOSITION: 


50% 
CHEMIGUM 


75% 
CHEMIGUM 


N-8 


25% 
Polymer “A” 


100% 
CHEMIGUM 


How to improve the run of your mill 


The samples above tell the story. Taken from a 
series of test mill runs, they graphically illustrate 
the superior processability of new CHEMIGUM N-8 
and how it can be used to improve the processing 
of other nitrile rubbers. 


CuemicuM N-8 is an intermediate acrylonitrile 
content copolymer and exhibits corresponding oil 
resistance and physical properties. It also exhibits 
very rapid mill breakdown and will form a smooth 
sheet immediately, even on a cold mill. 


By blending CHEemicum N-8 with other nitrile, sty- 
rene or natural rubbers, processing characteristics 
and physical properties can be obtained which pre- 
viously were not possible. And, since it is stabilized 
with a nonstaining, non-discoloring antioxidant, it 
can be used in the most exacting color applications. 
For full details on unusual CuEmicuM N-8, includ- 
ing the latest Tech Book Bulletins, just write to 
Goodyear, Chemical Division, Dept. V-9430, Akron 
16, Ohio. 


CHEMICAL DIVISION 


Chemigum—T.M. The Goodyear Tire & Rubber Company, Akron, Ohio 
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BEST WAY TO ABSORB SHOCK! 


Butyl’s superior shock-absorption 
characteristics reduce amplitude of 
bounce in much less time as com- 
pared with other rubbers. 


Enjay Butyl, because of its higher damping factor, absorbs 
shock energy more completely than any other rubber. Through 
simple variations in compounding or processing, you can build 
the right degree of resiliency for your requirements. Butyl is 
the ideal rubber for motor mounts, load cushions, sound dead- 
ener insulation, axle and body bumpers—and other shock, 
noise and mechanical-vibration applications. 

Buty] also offers outstanding resistance 
to weathering and sunlight . . . chemicals 
... heat... abrasion, tear and flexing 
... unmatched electrical properties and 
impermeability to gases and moisture. 

Find out how this versatile rubber can 
improve your product. Call or write the B U T Y L 
Enjay Company, today! 


Pioneer in Petrochemicals 
ENJAY COMPANY, INC., 15 West Sitst Street, New Vork 19, N. Y. 
Akron» Boston Charlotte Chicago * Detroit* Los Angeles * New Orleans Tulsa 
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Oils 


Refining | 


Benzene 


H,SO, 
HNO, 


Nitration 


Nitrobenzene 
H, + 
Reduction 


Aniline 


Condensation 


MBT 
t 


Oxidation 


MBTS 


Starting from coke-oven Light 
Oils, Cyanamid performs and 
controls each step to the final 
product... MBTS. 


ou want the best—bu 
Cyanamid MBTS of 


¥YANAMID 


AMERICAN CYANAMID COMPANY 
RUBBER CHEMICALS DEPARTMENT 
Bound Brook, New Jersey 


Cyanamid 
is basic 
in the 


production 
of 
MBTS 
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Successful calf roping requires teamwork between man 
and horse. A successful business requires teamwork 
between supplier and customer. 


The users of TEXAS CHANNEL BLACKS are assured 
of teamwork — not only through the quality of the 
blacks but also the extra quality they impart to finished 
product when used alone or in blends. 


Std Richa 


Cc AR BON 
FORT WORTH, TEXAS 


GENERAL SALES OFFICES 
EVANS BUILDING 
AKRON §, OHIO 
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REINFORCED WITH HI-SIL® 233, 
RESILIENT *RIPPLE® SOLE 
REGISTERS RESOUNDING RECEPTION 


RIPPLE® Soles, as displayed on these shoes by (left to right) Cardone & Baker, 
E. T. Wright, and Buster Brown, are available in red, chocolate, natural, grey, 
black and white. *TM—RIPPLE SOLE CORP. 


Beebe Rubber Company of Nashua, New Hampshire, is 
the licensed producer of the unique and increasingly pop- 
ular RIPPLE® Sole. Compound requirements are ex- 
treme; a combination of singularly good abrasion, tear, 
and flex life—with outstanding bounce and resilience. 

‘The “Vees” molded into the RIPPLE® Sole must re- 
bound from rough and rugged treatment, since only the 
limited area of their crowns constitutes the entire walking 
surface. It’s a job of reinforcement tailor-made for our 
Columbia-Southern Hi-Sil 233, which in Beebe’s judg- 
ment “‘just works out better in our compounds than any 
of the other reinforcers we’d tried.” 

Excellent physicals in brightly colored stocks are no 
longer a problem, with Columbia-Southern white reiz:- 
forcing pigments on the scene. If spectrum-spanning color 
can give your compounds a lift, we suggest you take a 
look at Hi-Sil 233, Silene® EF, or Calcene® TM, NC, or 
CO. Each is tops in its field . . . and should be in your 
formula book. 

For working samples, contact our nearest District Sales 
Office or write direct to Room 1929T at Pittsburgh. 

Columbia-Southern Chemical Corporation, One Gate- 
way Center, Pittsburgh 22, Pa. Offices in fourteen prin- 
cipal cities. In Canada: Standard Chemical Limited. 


COLUMBIA-SOUTHERN 
CHEMICAL CORPORATION 


A Subsidiary of Pittsburgh Plate Glass Company 
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MONSANTO RUBBER CHEMICALS ANSWER A 


FREQUENTLY ASKED COMPOUNDING QUESTION 


Monsanto announces Santoflex GP——the newest and best antiozonant 
you can use to "vaccinate" rubber against ozone attack. "GP" 
shows minimum staining. Now you can benefit from an antiozonant 
in mechanical goods and other industrial products just as tire- 
makers do in their compounds...Santoflex GP gives prolonged 
crack resistance to belting, electrical insulation, motor mounts, 
hose and appliance parts. An easily handled solid, "GP" imparts 
excellent ozone resistance. 
Static Ozone Test (48 Hours) Sanne Orxone Test fn 000 Fiexes—48 Hours) Migration Stain Test 


toflex GP No anti 55, Method 8) 
See the difference 2-PPH ee GP makes on SBR-1500 in 
a typical compound. Stocks exposed to approximately 50 parts 
of ozone per 100 million parts of air at 100°F. for 48 hours show 
how Santoflex GP substantially retards ozone cracking-——yet they 
show only slight staining of a white auto lacquer. 


SEND COUPON FOR SAMPLES...TECHNICAL HELP. 


plant and process has different compound requirements. That's why 
Monsanto recommends no "canned" formulations or "cure-alls"——we 
do offer samples of Santoflex GP along with technical help in 
testing it out for your specific application. The coupon is for 


your convenience. SANTOFLEX: MONSANTO T. M., REG. U. &. PAT. OFF. 


MONSANTO CHEMICAL COMPANY 
Rubber Chemicals Department, Akron 11, Ohio 


Please send me a sample of new Santoflex GP. 
NAME 
COMPANY 
ADDRESS 


ANSWER: 
* 
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CURRENT PHILPRENE POLYMERS Let it rain! Water is no prob- 
lem with Philprene 1018. Used 


NON-PIGMENTED PIGMENTED WITH PHILBLACK* with other polymers, Philprene 
PHILPRENE 1000 1018 provides protection 
PHILPRENE 1001 against water . . . for wire and 
PHILPRENE 1006 PHILPRENE 1100 ** cable jackets, rubber foot- 
PHILPRENE 1009 PHILPRENE 1104 wear, storm coats and other 


PHILPRENE 1010 
PHILPRENE 1018 Pigmented with EPC Black 


PHILPRENE 1019 Phillips Chemical Company 
makes the largest variety of 
PHILPRENE 1502 PHILPRENE 1605 mers on the market. You can 
PHILPRENE 1503 select one that is practically 
made to your specifications! 
PHILPRENE 1706 PHILPRENE 1803 Consult your Phillips tech- 


PHILPRENE 1708 PHILPRENE 1805 nical Tepresentative for com- 
PHILPRENE 1712 plete information. 
*A trademark 


PHILPRENE 1703 


PHILLIPS CHEMICAL COMPANY, Rubber Chemicals Division, 318 Water Street, Akron 8, Ohio 
UY © District Offices: Chicago, Dallas, Providence and Trenton ¢ West Coast: Horwick Standard 
66 Chemical Company, Los Angeles, California ¢ Warehouse Stocks at Akron, Boston, Chicago 
and Trenton @ Export Sales: 80 Broadway, New York 5, New York © European Office: 
Phillips Chemical Company, Limmatquai 70, Zurich 1, Switzerland. 
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ON THE ROAD TESTS are an import- 
ant part of the Cabot testing program... 
designed to provide the best reinforcing 

H carbon blacks available. In addition to 
On the Road with laboratory and factory tests, Cabot blacks 
are compounded in various types of rub- 
C AB OT BL ACKS ber, and tires are subjected to miles and 
miles of grueling road tests. That’s why 
Cabot blacks give consistently longer wear 
and trouble-free performance in all types 
of rubber. Complete production quality 
control further assures the same excel- 
lence of performance from every shipment 
of Cabot blacks. 


CHANNEL BLACKS: Spheron 9 EPC Spheron 6 MPC Spheron C CC 

FURNACE BLACKS: Vulcan 9 SAF Vulcan 6ISAF Vulcan 3HAF Vulcan XC-72 ECF 
Vulcan SC SCF Vulcan C CF Sterling 99 FF = Sterling SO FEF Sterling V GPF 
Sterling L HMF Sterling LLHMF Sterling S SRF Sterling NS SRF Pelletex SRF 
Pelletex NSSRF Sterling RSRF Gastex SRF 

THERMAL BLACKS: Sterling FT Sterling MT Sterling MT-NS 


Free Samples, Technical Literature Available 


_ _ 
CABOT. GODFREY L. CABOT, INC. 


77 FRANKLIN STREET, BOSTON 10, MASS. 
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EXPANDED... 
TO BETTER SERVE YOU 


New, Additional Research and 
Customer Service Facilities 


Our research and customer service facilities have been enlarged to help in our 
mutual search for new and improved products for the industry. These new 
facilities will enable us to expedite assistance in formulating and processing 
problems. Some of this equipment is to explore new areas of synthetic rubber and 
liquid polymer chemistry. 

Facilities have been added to develop urethane products with practical prop- 
erties. Our customer service laboratories, too, have been greatly expanded to meet 
the increasing number of requests for product evaluation. 

Skilled Thiokol technicians have at their fingers vast funds of specialized 
knowledge available to you. 

These facilities... this knowledge...is yours for the asking. FOR INFORMATION, 
write to: Thiokol Chemical Corporation, 780 N. Clinton Avenue, Trenton 7, N. J. 


Thiokol 


PIONEER MANUFACTURER OF SYNTHETIC RUBBER 
THIOKOL CHEMICAL CORPORATION 
780 NORTH CLINTON AVE. - TRENTON 7, NEW JERSEY 


@®Registered Trademark of the Thiokol Chemical Corporation 
for its liquid polymers, rocket propellants, plasticizers 
and other chemical products. 
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For 
Accelerators, 
Activators, 
Anti-Oxidants 
and 

Special 
Rubber 


Chemicals 


TRY 
NAUGATUCK 


NAUGATUCK supplies a 
complete line of proven 
accelerators, activators, 
anti-oxidants, and special 
chemicals to give you 
thorough control of rubber 
product manufacture and 


Naugatuck Chemical 
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ACCELERATORS 
THIAZOLES — 
M-B-T 
M-B-T-S 
THIURAMS — 
MONEX*t 
MORFEX 
PENTEX* 
DITHIOCARBAMATES — 
ARAZATE* ETHAZATE*t 
BUTAZATE* METHAZATE*T 
ETHAZATE-50D 
ALDEHYDE AMINES — 
BEUTENE* 
TRIMENE* 
XANTHATES — 
C-P-B* 


ACTIVATORS 
VULKLOR 
D-B-A 


ANTI-OXIDANTS 
AMINOX* B-L-E* 
ARANOX* B-X-A 
V-G-B* FLEXAMINE 
OCTAMINE* BETANOX* Special 


SPECIAL PRODUCTS 
BWH-! SUNPROOF* Improved 
CELOGEN SUNPROOF* Junior 
CELOGEN-AZ SUNPROOF* —713 
E-S-E-N SUNPROOF* Regular 
LAUREX* SUNPROOF* Super 
TONOX* KRALAC* A-EP 


SPECIAL PRODUCTS FOR 
SYNTHETIC POLYMERS 

DDM— modifier 

THIOSTOP K&N — short stops 

POLYGARD — stabilizer U.S. Pat. Of. 


THE WORLD’S LEADING 
MANUFACTURER OF 
RUBBER CHEMICALS 


LOOKING FOR... 
Plastics 
Reclaimed Rubber 
Synthetic Rubber 
latices 
Write, on your letterhead, for technical data 
or assistance with any Naugatuck product. 


tthese products furnished either in powder form or fost- 
dispersing, free-flowing NAUGETS. 


O-X-A-F 


TUEXt 
ETHYL TUEXt 


HEPTEEN BASE* 
TRIMENE BASE* 


7-B-x* 


DIBENZO G-M-F 
G-M-F 


performance. 
Division of United States Rubber Company 
Naugatuck. Connecticut 
IN CANADA NAUGATUCK CHEMICALS DIVISION 


US 
Dominion Rubber Company, Limited, Elmira, Ontario 


RUBBER CHEMICALS « SYNTHETIC RUBBER ¢ PLASTICS « AGRICULTURAL CHEMICALS 
RECLAIMED RUBBER « LATICES e Cable Address: Rubexport, N. Y. 
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Naugatuck NAUGAPOLS 
answer your 


problems in...... 


For products requiring 
excellent electrical properties 
and for those items designed for 
low moisture absorption, 
NAUGAPOL, butadiene-styrene 
copolymers, ‘Specially Processed” 
during the finishing operation, is the 
best obtainable. 


Wrrent NAUGAPOL Polymers for electrical applications 


R-S RUBBER 
ELECTRICAL 
INSULATION 


HOT TYPES 
GRADE CLASS END USES et 
NAUGAPOL 1016 Staining Standard grade for wire 


and cable and mechanical 


Non-staining 


mechanical goods. 


NAUGAPOL 1019 Non-staining Standard grade for wire 
cr and cable and mechanical 
: goods, 
UGAPOL 1023 Staining Low styrene content. Wire 
and cable and mechanice 
goods for arctic service. 


COLD TYPES 
GRADE CLASS END USES ’ 
NAUGAPOL 1503 Non-staining Standard grade for wire 
#5 and cable and mechanical 
goods. 
Non-staining Low styrene content. Wire. 


Fo 
ing of your rubber compounds, write to us on your company letterhead. 


Naugatuck Chemical 


mane} Division of United States Rubber Company 
Naugatuck, Connecticut 


IN CANADA: NAUGATUCK CHEMICALS, Elmira, Ontario * Cable Address: Rubexport, N. Y. 
Rubber Chemicals » Synthetic Rubber « Plastics * Agricultural Chemicals * Reclaimed Rubber * Latices 
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‘NAUGAPOL 1018 Crosslinked processin 
aid. Wire and cable and 
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HOW YOU BENEFIT WHEN YOU USE 
SUN RUBBER PROCESS AIDS 


! 
IF YOU PROCESS BECAUSE 


New low cost! Low 
staining properties 
on white goods. 
Improves GR-S re- 
bound. Constant 
uniformity assures 
minimum down- 
grading. 


Olt EXTENDED 
POLYMERS 
GR-S TYPES 1703 
1707 
1708 
1801 


CIRCOSOL-2XH 


Olt EXTENDED 
POLYMERS 
GR-S TYPES 1705 
1709 
1710 


Versatile. Highly 
compatible with 
natural rubber, re- 
claims, GR-S types. 


SUNDEX-53 


Cost of compounds 
comparable to low- 
cost elastomers. 


SUNDEX-53 


NEOPRENE WHV 


True softening by 
physical changes 
in rubber struc- 
ture. Large quan- 
tities absorbed 
without blooming. 


CIRCO LIGHT 


PROCESS-AID 


REGULAR NEOPRENES 
and 


NATURAL RUBBER 


| 


To learn more about using Sun Rubber Process Aids to get better physicals, 
lower costs, and easier processing, see your Sun representative. Or write 
for your copy of Sun’s latest Technical Bulletin describing any of the above 
products. Address SUN Om ComPaANy, Philadelphia 3, Pa., Dept. RC-4, 


INDUSTRIAL PRODUCTS DEPARTMENT 


PHILADELPHIA 3, PA. 
IN CANADA: SUN OIL COMPANY, LTD., TORONTO AND MONTREAL 
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OF RUBBER CHEMISTRY OF THE 
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COLUMBIAN offers an outstanding 
carbon black for every rubber need... 
STATEX® 160 SAF Super Abrasion Furnace 

STATEX 125 ISAF Intermediate Super Abrasion Furnace 
STATEX R HAF High Abrasion Furnace 

STANDARD MICRONEX® MPC Medium Processing Channel 
MICRONEX W 6 EPC Easy Processing Channel 

STATEX B FF Fine Furnace 

STATEX M FEF Fast Extruding Furnace 

STATEX 93 HMF High Modulus Furnace 

STATEX G GPF General Purpose Furnace 


FURNEX® SRF Semi-Reinforcing Furnace 


plus outstanding pure iron oxide pigments 
from our MAPICO IRON OXIDES UNIT 
REDS ... 617, 297, 347, 387, 477 and 567 

TANS ...10, 15 and 20 

BROWNS... 418, 419, 420, 421 and 422 


PLUS YELLOWS... 


COLUMBIAN CARBON COMPANY 


380 Madison Avenue, New York 17, N. Y. 
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RUBBER CHEMISTRY AND TECHNOLOGY 


RusBBER CHEMISTRY AND TECHNOLOGY is published under the supervision of the 
Editor, representing the Division of Rubber Chemistry of the American Chemical Society. 
One object of the publication is to render available in convenient form under one cover 
important and permanently valuable papers on fundamental research, technical develop- 
ments, and chemical engineering problems relating to rubber or its allied substances. 
Another object is to publish timely reviews. 


RusBBER CHEMISTRY AND TECHNOLOGY may be obtained in one of three ways: 


(1) 4 member of the American Chemical Society may become a member of the 
Division of Rubber Chemistry by payment of the dues ($4.00 per year) to the Division 
and thus receive RuBBER CHEMISTRY AND TECHNOLOGY. 


(2) Anyone who is not a member of the American Chemical Society may become 
an Associate of the Division of Rubber Chemistry upon payment of $6.50 per year to the 
Treasurer of the Division of Rubber Chemistry, and thus receive RusBER CHEMISTRY 
AND TECHNOLOGY. 


(3) ——— and libraries may subscribe to RuspBER CHEMISTRY AND TECHNOL- 


oey at the subscription price of $7.50 per year. 

To these charges of $4.00 and $7.50, respectively, per year, postage of $.20 per 
year must be added for subscribers in Canada, and $.50 per year for those in all other 
countries not United States possessions. 


All applications to become Members or Associates of the Division of Rubber 
Chemistry, with the privilege of receiving this publication, all correspondence about 
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THE DIVISION OF RUBBER CHEMISTRY OF 
THE AMERICAN CHEMICAL SOCIETY 


OFFICERS AND EXECUTIVE COMMITTEE 


Chairman E. H. Krismann, E. I. du Pont de Nemours & Co., Akron, O. 
Vice-Chairman. W. J. Sparks, Esso Research and Engineering Co., Linden, N. J. 
Secretary R. H. Gerke, U.S. Rubber Co., Wayne, N. J. 


Assistant Secretary L. H. How.anp, Naugatuck Chemical Division, 
Naugatuck, Conn. 


Treasurer G. E. Popp, Phillips Chemical Company, Akron, O. 


Assistant Treasurer.........D. F. Benney, Harwick Standard Chemical Co., 
Akron, O. 


Editor of Rubber Chemistry and Technology Davin Craie, B. F. Goodrich 
Research Center, Brecksville, O. 


Advertising Manager of Rubber Chemistry and Technology...Grorce Hackim, 
General Tire & Rubber Co., Akron, O. 


Directors...R. F. Dunsroox (Past Chairman), S. C. Nicot (Director-at- 
Large), K. R. Garvicx (Akron), T. C. Epwarps (Boston), Pau. 
(Buffalo), Vincent LaBrecque (Chicago), W. C. Carter 
(Connecticut), R. W. Matcotmson (Detroit), Davin SHERMAN 
(Fort Wayne), R. E. Brrrer (Los Angeles), S. M. Martin, Jr. (New 
York), R. J. Reynotps (Northern California), M. A. YouKer 
(Philadelphia), R. B. Roprrartte (Rhode Island), F. W. Gace 
(Southern Ohio), A. W. Stoan (Washington, D. C.), N. S. Grace 
(Canada), 


Councilors. ..H. I. Cramer, 1956-1959; R. H. Gerke, 1958-1960. 
(Alternates, C. S. Yoran, 1958-1960; J. M. Batu, 1956-1959.) 


COMMITTEES 


Advisory Committee on Local Arrangements....C. A. SmituH, Chairman (New 
Jersey Zinc Co., Cleveland, Ohio), S. L. Brams (Dayton Chemical 
Products, West Alexandria, Ohio), A. J. Norruam (E. I. du Pont 
Company, Wilmington, Delaware). 


Auditing Committee....R. B. AppLeBy, Chairman (E. I. du Pont Company, 
Akron, Ohio), C. W. CuristenseN (Monsanto Chemical Company, 
Akron, Ohio), D. L. Stmonp (Godfrey L. Cabot Company, Akron, 
Ohio). 
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Best Papers Committee....W. R. SmitH, Chairman (Godfrey L. Cabot Co., 
Boston, Mass.), E. B. Newton (B. F. Goodrich Research Center, 
Brecksville, Ohio), E. H. Krismann (E. I. du Pont Company, Akron, 
Ohio). 


Bibliography Committee....J. McGavacx, Chairman (U. 8. Rubber Co., 
Passaic, N. J.), O. E. Becxvotp (U. 8. Rubber Research Center, 
Wayne, N. J.), E. M. Bevitacqua (U. 8. Rubber Research Center, 
Wayne, N. J), Vicrorn Burcer (U. 8. Rubber Research Center, 
Wayne, N. J.), Lors Brock (General Tire & Rubber Co., Akron, 
Ohio), D. E. Caste (U. 8. Rubber Research Center, Wayne, N. J.), 
Litu1an Cook (Rubber Div. Library, University of Akron, Akron, 
Ohio), Dorotay Hamuien (Rubber Div. Library, Univ. of Akron, 
Akron, Ohio), H. E. Haxo (U. S. Rubber Research Center, Wayne, 
N. J.), JEANNE Jonnson (U. S. Rubber Research Center, Wayne, 
N. J.), R. K. Kunwns (U. 8. Rubber Research Center, Wayne, N. J.), 
M. E. Lerner (Rubber Age, New York, N. Y.), G. E. Popp, (Phillips 
Chemical Co., Akron, Ohio), G. 8S. Mitts (U. S. Rubber Research 
Center, Wayne, N. J.). 


By-Laws Revision Committee....W. L. Semon, Chairman (B. F. Goodrich Re- 
search Center, Brecksville, Ohio), R. H. Gerxe (U. 8S. Rubber 
Company, Wayne, N. J.), G. AuticeR (Firestone Tire & Rubber Co., 
Akron, Ohio), W. Warner (General Tire & Rubber Co., Akron, Ohio). 


Charles Goodyear Medalist Committee....B. 8. Garvey, Jr., Chairman, Penn- 
salt Chemical Co. (Wayne, Pa.), Joun Batt, Midwest Rubber Re- 
claiming Co. (Wilton, Conn.), Sewarp Byam, E. I. du Pont Co. 


(Wilmington, Del.), A. E. Juve, B. F. Goodrich Research Center 
(Brecksville, O.), W. L. Semon (B. F. Goodrich Research Center, 
Brecksville, O.). 


Committee on Committees....T. W. Etxin, Chairman (R. T. Vanderbilt Co., 
New York City), A. E. Juve (B. F. Goodrich Research Center, 
Brecksville, Ohio), J. D. D'Iann1 (Goodyear Tire & Rubber Co., 
Akron, Ohio), V. J. LaBrecque (Victor Gasket & Mfg. Co., Chicago, 
Ill.), D. C. Mappy (Harwick Standard Chemical Co., Akron, Ohio). 


Editorial Board of Rubber Reviews....N. Bexxkepaut (National Bureau of 
Standards, Washington, D. C.), G. 8. Warrsy (University of Akron, 
Akron, Ohio), W. R. Smita (Godfrey L. Cabot Co., Cambridge, 
Mass.), 8. D. Geuman (Goodyear Tire & Rubber Co., Akron, Ohio), 
D. Crate (B. F. Goodrich Research Center, Brecksville, Ohio), 
G. E. P. Smita, Jr. (Firestone Tire & Rubber Co., Akron, Ohio). 


Education Committee. ...C. V. LunpBERG, Chairman (Bell Telephone Labora- 
atories, Murray Hill, N. J.), R. G. Seaman (Rubber World, New York 
City), R. D. Strsaer (National Bureau of Stds., Washington, D. C.), 
W. F. Busse (E. I. du Pont Co., Wilmington, Delaware), M. L. 
SrupEBAKER (Phillips Chemical Co., Akron, Ohio). 


Files and Records Committee....J. D. D’lanni, Chairman (Goodyear Tire & 
Rubber Co., Akron, Ohio), D. Hamuen (University of Akron, Akron, 
Ohio), E. A. Wirtuson (B. F. Goodrich Research Center, Brecksville, 
Ohio). : 
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Finance and Budget Commitiee....L. V. Cooper, Chairman (Firestone Tire & 
Rubber Co., Akron, Ohio), 8. B. Kuyxenpauu (Firestone Tire & 
Rubber Co., Akron, Ohio), E. H. Krismann (E. I. du Pont de Ne- 
mours & Co., Akron, Ohio), G. E. Popp, Ez-officio (Phillips Chemical 
Co., Akron, Ohio). 


Future Meetings....A. E. LavrENcE, Chairman (Phillips Chemical Co., Elm- 
hurst, Ill.), G. N. Vacca (Bell Telephone Laboratories, Murray Hill, 
N. J.), E. B. Busensere (B. F. Goodrich Co., Akron, Ohio). 


Library Policy F. Chairman (Columbia-Southern 
Chemical Co., Barberton, Ohio), O. D. Coxe (Firestone Tire & Rubber 
Co., Akron, Ohio), N. V. Seeger (Diamond Alkali, Painesville, Ohio), 
Guipo Srempet (General Tire & Rubber Co., Akron, Ohio), A. M. 
Cuirrorp (Goodyear Tire & Rubber Co., Akron, Ohio). 


Membership Committee....K. Garvicx, Chairman (Mansfield Tire & Rubber 
Co., Mansfield, Ohio), All the Directors from each Local Rubber 
Group. 


New Publications Committee....N. BEKKEDAHL, Chairman (National Bureau 
of Standards, Wash., D. C.), R. G. Seaman (Rubber World, New York 
City), D. Crara (B. F. Goodrich Research Center, Brecksville, Ohio), 
M. Morton (University of Akron, Akron, Ohio). 


Nomenclature Committee R. G. Seaman, Chairman (Rubber World, New 
York City), I. D. Parrerson (Goodyear Tire & Rubber Co., Akron, 
Ohio), F. W. Gace (Dayton Chemical Products Laboratories, W. 
Alexandria, Ohio), E. E. Gruser (General Tire & Rubber Co., Akron, 
Ohio), Roy M. Vance (Columbian Carbon Co., Brooklyn, N. Y.), 
A. L. Back (West Chester, Pa.). 


Nominating Committee....J. M. Batt, Chairman (Midwest Rubber Reclaim- 
ing Co., Wilton, Conn.), 8. M. Marttn, Jr. (Thiokol Chemical Corp., 
Trenton, N. J.), L. H. Howtanp (Naugatuck Chemical Co., Nauga- 
tuck, Conn.), J. D. D'Iannt (Goodyear & Tire Rubber Co., Akron, 
Ohio), Sick (Hewitt-Robins, Inc., Buffalo, N. Y.). 


Officers Manual....A. E. Juve, Chairman (B. F. Goodrich Research Center, 
Brecksville, Ohio), J. Fretptne (Armstrong Rubber Co., West Haven, 
Conn.). 


Papers Review Committee... .E. H. Krismann (E. I. du Pont Company, Akron, 
Ohio), B. 8. Garvey, Jr. (Pennsalt Chemical Co., Wayne, Penna.), 
D. Crate (B. F. Goodrich Research Center, Brecksville, Ohio), R. H. 
Gerke (U.S. Rubber Co., Wayne, N. J.). 


Selection Committee for the Rubber Science Hall of Fame, University of Akron, 
representatives of the Division of Rubber Chemistry....A. E. Juve 
(B. F. Goodrich Research Center, Brecksville, O.), F. 
(Columbia-Southern Chemical Co. Barberton, O.). 
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Tellers....T. W. Evxin, Chairman (R. T. Vanderbilt Co., New York City), 
W. SrussBiesine (Stowe-Woodward Newton Upper Falls, Mass.), 
B. W. Benper (U.S. Rubber Co., Wayne, N. J.), H. E. Haxo (U.S. 
Rubber Co., Bloomfield, N. J. 


Program Committee....B. 8. Garvey, Jr., Chairman. 8. C. Nicot (Goodyear 
Tire and Rubber Co., Akron, Ohio). C. F. Grass (B. F. Goodrich 
Research Center, Brecksville, Ohio), C. A. Barrie (E. I. du Pont Co., 
Wilmington, Delaware), W. 8. Tutey (U. 8S. Rubber Co., Wayne, 
N. J.), A. G. TreapGoip (United Carbon Co., Charleston, W. Va.). 


DIVISION OF RUBBER CHEMISTRY OF THE 
AMERICAN CHEMICAL SOCIETY 


Annual Report—1958 


The following report briefly summarizes the activities of the Division of 
Rubber Chemistry during the year 1958. 
Section I 


Complimentaries 
Total 


The membership has decreased in 1958. No research has been made on the 
cause. It is to be noted that 1958 was a depression year. 

The effect of the increase in dues for 1959 is yet to be determined. 

A new rubber group, The Southern Rubber Group, was approved by the 
Executive Committee at the September Meeting. The complete list of 
sponsored rubber groups is as follows: 


Akron Connecticut New York Southern Ohio 

Boston Detroit Northern California Southern Rubber Group 
Buffalo Fort Wayne Philadelphia Washington, D. C. 
Chicago Los Angeles Rhode Island Canada 


During the year the following members have passed on: 


Henri Chauvin Elmo E. Hanson 
M. 8. Kharasch H. A. Morton 
M. H. Laatsch, Jr. Theo. G. Daub 
J. Q. McGiffin G. G. Balazs 

R. L. Sibley A. J. Kearfott 
J. M. Jackson Ed. Ray Lasser 


Section II 


The Spring Meeting was held in Cincinnati, Ohio, at which there were four 
half day sessions. Two half day sessions were devoted to symposia on High 
Temperature Resistant Elastomers: (1) invited papers, (2) contributed papers. 
The Fall Meeting was held in Chicago, Illinois, with the Parent Organization. 
Four half-day sessions of general papers were held. 


vi 


4 1957 1958 
Membership 2638 2544 
Associates 531 580 
Subscribers 857 820 
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The Charles Goodyear Medal was presented to J. C. Patrick, retired, 
Thiokol Corporation, Trenton, N. J. The title of his paper was, ‘‘Comments 
on Polysulfide Elastomers’. 

Certain by-law changes were made, the most important of which was the 
increase in dues. 

The newly created offices, Assistant Treasurer and Business Manager of 
RuBBER CHEMISTRY AND TECHNOLOGY, Assistant Business Manager of RUBBER 
CHEMISTRY AND TECHNOLOGY and the Assistant Secretary, have been filled, 
respectively, by D. F. Behney, G. Hackim and L. H. Howland. 


Section III 


The Division publishes four regular issues of RuBBER CHEMISTRY AND 
TECHNOLOGY each year. 

“Rubber Reviews”, which will be published annually as a fiifth issue, will 
constitute the Division of Rubber Chemistry’s contribution to the summari- 
zation of knowledge on rubber chemistry and technology by experts in the 
field. 


Section IV 


In 1959 the Division of Rubber Chemistry will meet in Los Angeles in the 
Spring at which there will be two symposia: ozone, and polyurethanes, 
respectively. 

In the Fall of 1959 in November there will be an International Rubber 
Conference sponsored jointly by the Division of Rubber Chemistry, ACSr 
Committee D-11 on Rubber and Rubber Like Materials, ASTM, and Rubber 


and Plastics Division, ASME. The meeting is being planned by the Inter- 
national, Rubber Conference Committee. It is planned that the papers shall 
be preprinted and then published in book form. Sufficient titles of papers 
have been received by the Program Committee to insure a successful program. 

The International Rubber Conference Committee Chairman is A. E. Juve, 
the Program Chairman is B. 8. Garvey, Jr. and the Local Arrangements Chair- 
man is A. W. Sloan. 


R. H. Gerke, Secretary 
Division of Rubber Chemistry 
American Chemical Society 


FUTURE MEETINGS 


Meeting City Hotel Date 


1959 Spring Los Angeles Biltmore May 12-15 

1959 Fall Washington* Shoreham November 9-13 
1960 Spring Buffalo Statler May 3-6 

1960 Fall New York Commodore September 13-16 
1961 Spring Louisville Brown May 18-21 

1961 Fall Chicago Sherman September 5-8 
1962 Spring Boston Statler May 15-18 

1962 Fall Atlantic City, N. J. Chalfonte September 11-14 


© An international ointly sponsored by the Division of Rubber Chemistry ACS, Committee 
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SPONSORED RUBBER GROUPS 


OFFICERS AND MEETING DATES 
1958 


Akron RusBeR Group 


Chairman: GrorGe Hacxim (General Tire & Rubber Co., Akron). Vice 
Chairman: Mitton Leonarp (Columbian Carbon Co., Akron). Secretary: 
Irvin J. SsorHuN (Firestone Tire & Rubber Co., Akron). Treasurer: JoHNn 
GiFrrorD (Witco Chemical Co., Akron). Meetings in 1958: January 24, April 
11, June 20, October 24. Meetings in 1959: January 23, April 3, June 19 and 
October 23. 


Boston RusBerR Group 


Chairman: Roger L. Stetier (B. F. Goodrich Chemical Co., Boston). 
Vice-Chairman: Witu1aAM H. Kine (Acushnet Process Co.). Secretary-Treas- 
urer: JAMES J. BREEN (Barrett & Breen Co.). Permanent Historian: Harry 
A. ATwaTER (Malrex Chemical Company). Ezecutive Committee: AntuuR I. 
Ross, THomas C. Epwarps, GeorGe E. Hersert, Jonn M. Hussey, CHARLES 
S. Frary. Meetings in 1958: March 21, June 20, October 17, December 12. 


BurraLo Group 


Chairman: Jonn Hetwic (Dunlop Tire & Rubber Co., Buffalo). Vice- 
Chairman: Ricnarp Herpiern (Hewitt-Robins, Inc., Buffalo). Secretary- 
Treasurer: LARRY Haupin (Dunlop Tire & Rubber Co., Buffalo). Asst. Sec’y- 
Treasurer: Epwarp Haas (Dunlop Tire & Rubber Co., Buffalo). Ez-Officio 
Chairman: CHARLES MISERENTINO. Directors: Jack Witson (Dow Corning), 
Jack Hauer (Linde Air), Eugene Martin (Dunlop Tire & Rubber Co.), 
Ep Sverproup (U.S. Rubber Reclaiming), Roperr Donner (National Aniline), 
Rosert Pryor (Hewitt-Robins, Inc.). Meeting dates in 1958: May 9— 
International Rubber Group Meeting, General Brock Hotel, Niagara Falls, 
Canada, June 10, October 14, December 2. 


Cuicaco RuspsBer Group 


President: V. Laprecque (Victor Mfg. & Gasket Co., Chicago). Vice- 
President: M. J. O’Connor (O’Connor & Co., Inc., Chicago). Secretary: J. 
Groot (Dryden Rubber Div., Sheller Mfg., Chicago). Treasurer: 8. F. Cooate 
(Tumpeer Chemical Co., Chicago). Term ends July, 1958. Directors: James 
B. Moors, J. B. Porter, H. D. SHetuer, E. F. Waener, R. R. Kany, R. A. 
Kurtz, J. F. Swart. Legal Counsel & Executive Secretary: 
E. H. Leany, Room 1411, 111 W. Washington Street, Chicago. Meetings in 
1958: January 31, March 14, April 25, July 25, October 3, November 14, 
December 19. 


Tue Connecticut Ruspsper Group 


Chairman: R. T. ZimmerMAN (R. T. Vanderbilt Co., Inc., East Norwalk, 
Connecticut). Vice-Chairman: W. H. Coucn (Whitney Blake Co., Hamden, 
Conn.). Secretary: V. P. Cuapwick (Armstrong Rubber Co., West Haven, 
Conn.). Treasurer: J. W. Perkins (Armstrong Rubber Co., West Haven, 
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Conn.). Terms to end December 31, 1958. Directors: One-Year term ending 
December 31, 1958: H. Gorpon (Ideal Rubber Co., Brooklyn, New York), 
G. R. Spracue (B. F. Goodrich Sponge Products, Shelton, Conn.), D. F. 
Cumminos (General Electric Co., Bridgeport, Conn.). Two-Year terms ending 
December 31, 1958: R. W. Warp (E. I. du Pont de Nemours & Co., Boston, 
Mass.), F. W. Burcer (Phillips Chemical Co., Providence, R. I.). Director 
to National Division—W. C. Carter (Pequanoe Rubber Co., Butler, New 
Jersey). Meetings in 1958: February 21, May 23, September 6, November 14. 


Detroit Russper Group 


Chairman: E. J. Kvet, Jr. (Detroit Arsenal, Detroit). Vice-Chairman: 
W. F. Miuier (Yale Rubber & Mfg. Co., Sandusky, Michigan). Secretary: 
W. D Witson (R T. Vanderbilt Co., Detroit). Treasurer: W. A. Wiarp 
(Dow Corning, Midland). Directors: J. F. Stirr, J. M. Ctarx, Jack MaspeEn, 
A. F. Toompson, Frank G. Fatvey, R. W. Matcoimson, C. H. Atsers, R. 
Huizinga, E. P. Francis, P. V. J. J. Ftemine, R. C. 
S. M. Sipwett, R. H. Snyper, R. C. Waters, E. W. Titurtrson, T. W. 
RAN. Councilors: H. F. Jacoper, H. W. Hoeravr, J.T.O’Remuiy. Meetings 
in 1958: February 7, April 18, June 27, October 3, December 5. 


Fort WaYNE RusBer Group 


Chairman: Georce E. KevsHemmer (U. 8. Rubber Co., Ft. Wayne, Ind.). 
Vice-Chairman: Puitip Maaner, Jr. (General Tire & Rubber Co., Wabash, 
Ind.). Secretary-Treasurer: WALTON D. Witson (R. T. Vanderbilt Co., 5272 
Doherty Dr., Orchard Lake, Michigan). Directors: M. J. O’Connor, NoRMAN 
Kuemp, E. H. Cantweu, H. Guassrorp, J. Lawiess, R. HARTMAN, 
S. Cuoate, E. Boswortn. Meetings in 1958: February 13, April 10, June 6 
(outing), September 25, December 4. 


Los ANGELES RuspBER Group 


Chairman: Ausert H. Feperico (C. P. Hall Co. of Calif.). Assoc. Chair- 
man: CHarLes H. (Master Processing Corp., Lynwood). Vice-Chair- 
man: B. R. Snyper (R. T. Vanderbilt Co., Los Angeles). Secretary: L. W. 
CuaFrFreEe (Ohio Rubber Co., Long Beach, Calif.). Asst. Secretary: Epmunp 
J. Lyncu (H. M. Royal, Inc. Downey, Calif.). Treasurer: W. M. ANDERSON 
(Gross Mfg. Co., Monrovia, Calif.). Asst. Treasurer: R. O. Waite (Caram 
Mfg. Co., Monrovia, Calif.). Directors: Roy N. PHeuan (Atlas Sponge Rubber 
Co., Monrovia), Witu1am J. Haney (Kirkhill Rubber Co., Brea), Coartes M. 
CuurcHILL (Naugatuck Chemical, East Los Angeles), Howarp R. FisHer 
(W. J. Voit Rubber Co., Los Angeles), Joun L. Ryan, (Shell Chemical Corp, 
Torrance), Cart E. Huxitey (Enjay Co., Los Angeles), E. 
(Thiokol Chemical Corp.). Meetings in 1958: February 4, March 4, April 1, 
May 5, October 7, November 4. 


New York Russer Group 


Chairman: C. V. Lunpsere (Bell Telephone Laboratories, Murray Hill, 
N.J.). Vice-Chairman: R. B. Carrout (R. E. Carroll, Inc., Trenton, N. J.). 
Secretary-Treasurer: M. E. Lerner (Rubber Age, New York). Terms end 
December 31, 1958. Meetings in 1958: March 28, June 5, August 5, October 
17, December 12. 
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NORTHERN CALIFORNIA RUBBER GROUP 


President: Wiuu1aM “Briu” Dets (Merck & Co., Inc. South San Francisco). 
Vice-President: Drace ‘Kur’ Kutnewskxy (Burke Rubber Co., San Jose). 
Treasurer: D. A. “Det” DriespoucH (Plastic & Rubber Products Co., 
Oakland). Secretary: C. P. ‘Pere’? ENceisman (E. 8S. Browning Co., San 
Francisco). Directors: Cuaupe “Corky”? CorKapEL, KeitH Roy 
Woopuine. Meetings in 1958: February 13, March 13, April 10, September 
11, October 9, November 13. 


PHILADELPHIA RuBBER GROUP 


Chairman: R. A. Garrett (Armstrong Cork Research Center, Lancaster, 
Pa.). Vice-Chairman: R. 8. Grarr (E. I. du Pont de Nemours & Co., Wil- 
mington). Secretary-Treasur: H. C. Remsberg (Carlisle Tire & Rubber, 
Carlisle, Pa.). Executive Committee: T. E. R. N. HENpRIKSEN, 
James Jones, GEorce N. McNamara, J. R. Miuus, H. M. Servers, MERRILL 
SmirH. National Dir.: Dr. M. A. Youxcer (E. I. du Pont de Nemours & Co., 
Wilmington). Meetings in 1958: April 25, August 22, 1958, October 24, 
November 14, 1958 and January 23, 1959. 


Istanp RusBBER GrRovuP 


Chairman: W. K. Priestiy (Kaiser Aluminum & Chemical Co., Bristol, 
R.1.). Vice-Chairman: H. W. Day (E. I. du Pont de Nemours & Co., Boston). 
Secretary-Treasurer: Harry L. Expert (Firestone, Fall River, Mass.). His- 
torian: R.G. Botkman (U.S. Rubber Co., Providence). Executive Committee: 


W. J. Buecnarczyk, E. 8. Unuie, R. B. J. M. Viraue, C. A. 
Damicone, G. E. Enser. Meetings in 1958: April 10, June 5, November 6. 


NEW BOOKS AND OTHER PUBLICATIONS 


VANDERBILT RuspBeR Hanpsook (Tenth Edition—1958). Edited by 
George G. Winspear. The R. T. Vanderbilt Company, 230 Park Avenue, 
New York 17, New York, 5} X 8} inches, 620 pages, $15.00. The tenth 
edition of the most useful compilation of data and information for technical 
men in the rubber industry is now available in an improved and still more useful 
form. While the present volume is about 100 pages shorter than the previous 
edition, this is largely because latex information was omitted from this edition 
and published (in 1954) in a separate handbook of some 320 pages. 

The contents are organized as follows: Sect. 1, Commercial Rubbers, 139 
pages; Sect. 2, Compounding Materials and Uses, 46 pages; Sect. 3, Compound 
Properties and Test Methods, 36 pages; Sect. 4, Compound Design, 54 pages; 
Sect. 5, Laboratory Examination of Compounding Materials and Rubber 
Products, 71 pages; Sect. 6, Articles of Theoretical Interest, 19 pages; Sect. 7, 
Processing Methods and Equipment, 22 pages; Sect. 8, Commercial Rubber 
Products and Processes, 108 pages; Sect. 9, General Information, 73 pages. 

The binding is rugged, the paper of good quality, the printing excellent, 
the illustrations excellent and an adequate index is included. In an effort of 
this magnitude there are certain to be typographical errors, erroneous or unclear 
statements, etc., however in this case these are remarkably few. Some of 
those which this reviewer noticed are given below. 
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In reference (3) p. 39 the Davis and Blake monograph is correctly referred 
to as ‘‘Chemistry and Technology of Rubber.” In reference (4) it is incorrectly 
referred to as Rubber Chemistry and Technology. 

On p. 40 it is stated that “. . . Subcommittee D-1418 has made . . .”. 
This should be “. . Subcommittee VIII of Committee D-11 has established 
a Tentative Recommended Practice for Nomenclature for Synthetic Elastomers 
and Latices, ASTM Designation: D1418-58T”’. 

Also on p. 40 is the sentence “The letter preceding the diolefin designation 
signifies a comonomer or conomer used in its preparation.” The italicized 
word should have been comonomers. 

On p. 48 it is stated that the unsaturation of butadiene-styrene rubbers is 
less than that of natural rubber and on p. 158 it is stated that the butadiene- 
styrene and butadiene-acrylonitrile copolymers require less sulfur for a full 
hard rubber than natural rubber. While it is true that the unsaturation of 
standard butadiene-styrene rubber (77 butadiene-23 styrene) is slightly less 
than natural rubber, the difference is so small as to be negligible. On p. 466, 
the calculation is shown for the amount of sulfur required to react with all the 
double bonds in polybutadiene which turns out to be 59.3 against 47 for natural 
rubber. Thus the theoretical requirement for standard SBR would be 59.3 x 
77 = 45.7. 

On p. 95 the real usefulness of Hycar 2202 (brominated butyl) is not men- 
tioned. These are the ability to covulcanize in blends with natural rubber 
and SBR and as adhesives. Also in this section on butyl rubber no mention is 
made of resin cures. 

In the section dealing with Silicone elastomers, neither the vinyl-containing 
polymers nor the nitrile oil resisting polymers are mentioned. 

In numerous places, e.g., p. 147, 158, 389 and 456, the phrase “copolymer 
synthetics” is used which is apparently intended to mean copolymers of 
butadiene and either styrene or acrylonitrile. This is not a good designation 
since there are other copolymer synthetic rubbers, e.g., Kel-F Elastomer which 
are radically different from the SBR and NBR types. 

On p. 204 in the discussion of Mooney cure data, the time required for the 
viscosity to increase an arbitrary number of units beyond the scorch time is 
said to be “‘the rate of cure’. It would be better to say that this figure gives 
a measure of the rate of cure or that its reciprocal or the number of Mooney 
units rise per minute during this interval is the rate of cure obtained by this 
method. 

On p. 232 it is stated that “Elastomers, such as natural rubber, which 
crystallize on extension are subject to dilute ozone attack over a narrow range 
of elongations between 5 and 20 per cent. The so-called random polymers, 
which do not crystallize on stretching, become more susceptible to attack as 
stresses above the tolerable minimum are increased.” There is no fundamental 
difference in the behavior of natural rubber (which crystallizes readily) and SBR 
(which crystallizes only slightly) with respect to the effect of strain on cracking. 
In both cases the frequency of cracking increases and the crack depth decreases 
as strain is increased, at least up to 100%. 

On p. 218 it is stated that the Ross flexing machine was designed by the 
Heel and Sole Committee of the American Rubber Association. The latter 
organization should have been The Rubber Manufacturer’s Association. 

It should be mentioned again that these comments are minor and almost 
insignificant compared to the mass of high quality information in the volume. 
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This volume is, without doubt, the most indispensable volume which an operat- 
ing rubber technologist can have in his office. 

The R. T. Vanderbilt Company should be congratulated again for a very 
fine service to the industry. [Reviewed for Rusper Cuemistry & TECHNOLOGY 
by A. E. Jure.] 


FortscHritTE Der HocHPOLYMEREN-FORSCHUNG—ADVANCES IN POLYMER 
Science. Published by Springer, Berlin-Géttingen-Heidelberg. Available in 
the United States through Stechert-Hafner, Inc., 31 East 10th Street, New 
York 3, N. Y. This new journal first appeared in July, 1958 and will be pub- 
lished, irregularly, four numbers to a volume. The journal will contain reports, 
in the nature of monographs, in the field of the physics and chemistry of high 
polyn.ers. Subjects will be covered in the least space required for development 
of a complete knowledge of the literature pertaining to that subject. 

The editorial board is international in its membership consisting of Prof. 
J. D. Ferry, The University of Wisconsin, Prof. C. G. Overberger, Polytechnic 
Institute of Brooklyn, Profs. G. V. Schulz and H. A. Stuart, Institut fir 
Physikalische Chemie der Universitat, Mainz, and Prof. A. J. Staverman of 
Holland. The composition of this editorial board should make it possible for 
the journal to include reports of outstanding advances without regard to 
nationality of the author or the sphere of the research. Attempts will be made 
to avoid the character of a collection of reviews in the make-up of this journal. 
Articles shall be written in the language of the author but in any case in either 
German, English or French. 

The first issue contains an interesting collection of articles all by American 
authors. The subjects of these four articles of the first issue of Advances in 
Polymer Science are an illustration of the diversity and timeliness of its 
articles. This may be an indication of the potential value of this new publi- 
cation. The first paper is ‘Specific Ion Binding by Polyelectrolytes” by 
H. Morawetz of the Polytechnic Institute of Brooklyn. It is followed by a 
paper on “The Study of High Polymers by Nuclear Magnetic Resonance” by 
W. P. Slichter of the Bell Telephone Laboratories. The third paper by a 
group from the Wright Air Development Center is ‘‘Fluorine-Containing 
Polymers. I. Fluorinated Vinyl Polymers with Functional Groups, Condensa- 
tion Polymers and Styrene Polymers” by William Postelnek, Lester E. Colman 
and Alan M. Lovelace. The final paper of this first issue is “The Dynamic 
Mechanical Properties of High Polymers at Low Temperatures” by A. E. 
Woodward and J. A. Sauer of Pennsylvania State University. 
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THE ELASTICITY OF RUBBER* 


LAWRENCE A. Woop 


Nationa, Bureau or STanparps, WasuineTon, D. C. 


INTRODUCTION 


The properties of rubber have been regarded in former times as sufficiently 
novel to call for research activities on the part of a number of scientists better 
known for their work in other fields. Joseph Priestley, discoverer of oxygen, 
gave it its name*®, Electrician Michael Faraday first measured its chemical 
composition'®. The first to treat the thermodynamics of elastic deformation 
and to predict temperature and energy changes on the stretching of rubber was 
none other than Lord Kelvin?®, while the first careful experimental investigator 
of the thermoelastic properties of rubber’ was J. P. Joule, better known for the 
mechanical equivalent of heat. Boltzmann” and Kohlrausch”® also each de- 
voted considerable attention to the time-dependent elastic effects in rubber, 
while W. C. Réntgen* investigated Poisson’s ratio in rubber 20 years before he 
discovered x-rays. 

Rubbers, natural and synthetic, are unique in their high extensibility and 
forcible quick retraction. These two properties, in suitable quantitative terms 
serve as the modern definition of a rubber—independent of any mention of 
chemical structure. 

In Figure 1 the upper curve represents a typical stress-strain relation ob- 
tained with natural rubber®. The lower curve represents values of the stress- 
temperature intercept at 0° K, which will be discussed later. The upper curve 
is far from the linearity expressed by Hooke’s Law. We note three regions—the 
first of decreasing slope, the second of almost constant slope, and the third of 
very rapidly increasing slope. Natural rubber can become semicrystalline on 
stretching. Measurements of crystallinity by a variety of methods show no 
evidence of crystals in the first region; in the second region crystallization in- 
creases with time; and in the third region the degree of crystallinity may be as 
high as 30—40 per cent and varies little with time. 

Figure 2 shows the same data® as Figure 1 with the vertical ordinate or stress 
scale expanded tenfold. This shows the first two regions and a portion of the 
third. 

Our present conception” of crystalline regions in a rubber is that the long 
chain molecules are parallel and alined in those regions and randomly oriented 
in the amorphous regions. Rubberlike elasticity is possible only in the amor- 
phous regions. The upturn in the stress-strain curve represents chiefly the 
stiffening effect of the crystalline regions in an amorphous matrix. To avoid 


*In the prose century the diversity of facts and theories to be considered has forced such specialization 


that most of us find it necessary to rely on review papers for a description of work outside our field of im- 
mediate interest. The present fC r is intended to “ny a concise summary of the present state of knowl- 
edge of the nature and origins of the elasticity of rub Almost all of this knowledge has been gained in 
=~ ast twenty years, as shown by the dates of the eebiieotions cited. Reference should be made to several 

'-¢ for details which can not be included in the present paper. Most of the illustrative data in the 
poe paper are taken from work performed at the National Bureau of Standards. This paper is essenti- 
ally the same as the address of the retiring President of the Philosophical Societ ad W poe se yo printed in 
the a F bead Ww ‘ashington Academy of Sciences 47, 281-299 (1957). It has vised slightly to cor- 
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the complexities associated with a two-phase system we shall concern ourselves 
hereafter only with effects obtained in the absence of crystallinity and conse- 
quently shall consider only the first region of the stress-strain curve. For the 
same reason we shall omit reference to the extensive work on the properties of 
swollen 
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Fie, 1.—Stress-strain relation and stress-temperature intercepts at 
Natural rubber. Data in Reference 53. 


VISCOELASTIC BEHAVIOR 


The relation between stress and strain in rubber is quite time-dependent. 
The curves already shown were obtained after the stress had been applied for 
several hours. Figure 3 shows the stress-strain relations when the specimen is 
stretched at a constant speed of about 200 per cent per minute and then allowed 
to retract at the same rate. A second extension curve, begun 3 minutes after 
completion of the first, falls considerably below the first curve, but the second 
retraction curve is almost identical with the first. The specimen in this case 
was SBR—a noncrystallizing copolymer of butadiene and styrene. If the 
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length is held fixed (at 100 per cent elongation, for example), the stress is found 

to decrease with time—rapidly at first and then more and more slowly. If the 
load is held fixed the length increases rapidly at first and then more and more 
slowly. The first condition is called stress relaxation; the second is called 
creep. If the length is held fixed at some point on the retraction curve, one 
finds an increase of stress with time, or correspondingly a decrease of length 
with time if the load is held fixed after partial retraction. The curve shown by 
the dashed line is that obtained after several hours of stress relaxation at each 
elongation. It is intermediate between the first extension and the retraction 
curves and is comparable with the curves shown in Figure 1 and 2 for natural 
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Fie. 2.—Stress-strain relation and stress-tem ture intercepts at constant elongation. 
Ordinate range one-tenth that of Fig. 1. atural rubber. Data in Reference 53. 


rubber. There is relatively little ‘‘set’—namely extension remaining after 
release of load. Almost all this set disappears in time, as will be seen later, and 
the discussion will be restricted to rubbers which are sufficiently well-vulcanized 
to show little significant flow or permanent deformation. 

The area under the extension curve represents the work done in deforming 
the rubber and the area under the retraction curve represents the external work 
done by the rubber in retracting. The difference between these areas—the area 
between the curves—represents the irrecoverable energy loss on completing a 
cycle—in exact analogy with the hysteresis losses in magnetic materials. The 
loss shown by SBR synthetic rubber is much larger than is obtained with 
natural rubber under the same conditions in the absence of crystallization. 
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The loss manifests itself in heat of course and causes SBR tires to develop 
higher temperatures than natural rubber tires in operation. 

The loss shown by IIR or butyl! rubber is normally much greater than that 
shown by SBR synthetic rubber, particularly if the cycle is traversed rapidly. 
Dropped from a height of 6 feet a natural rubber ball is deformed in a period 
of the order of milliseconds and rebounds giving back about 80 per cent of its 
original energy; about 20 per cent is lost in hysteresis. A butyl rubber ball 
dropped under the same conditions gives back about 8 per cent of its original 
energy; about 92 per cent is lost in hysteresis. 
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Fic. 3.—Stress-strain relation for extension and retraction at the rate of about 200 per cent per minute. 
There was an interval of about 3 minutes between the two cycles. The dashed line shows stress value after 
about 2 hours of relaxation at fixed elongation. SBR synthetic rubber. Data in Reference 42. 


Creep, stress relaxation, set, and related effects are examples of viscoelastic 
phenomena in general. Extensive studies of creep have been made by Leader- 
man‘*?8.9 and extensive research on stress relaxation has been conducted by 
Tobolsky““**. Ferry'* has applied dynamic methods in this field. 

Figure 4 shows unpublished experimental data obtained by Leaderman on 
the creep of a pure-gum vulcanizate of natural rubber in shear at different tem- 
peratures. The shear strain was observed from 5 seconds to 5 minutes after 
the application of a constant shear stress of 10.67 psi. At —60° C the strain 
was too small to be measured for times less than 0.5 minutes. Progressive in- 
creases with temperature and time can be noted in Figure 4 up to —40°C. At 
0° and 50° C little change with time can be noted on the scale of coordinates 
shown. However, the strain at 50° is seen to be less than that of 0° C. 

All the data shown in Figure 4 can be represented in the form of a single 
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sigmoid curve by two successive operations on the coordinates, as follows: (1) 
plotting as ordinate a quantity equal to the shear strain multiplied by a factor 
of T/298 where T is the temperature of observation in ° K and 298° K (= 25°C) 
is a reference temperature and (2) displacing the curves along the log-time axis 
until the new ordinate values coincide. The first operation is based on the 
conclusions of the statistical theory of an equilibrium modulus of rubber elasti- 
city® to be discussed in more detail in a later section. The second operation is 
based on a principle of equivalence of time-scale and temperature change which 
has been extensively investigated*:'®?8.“.45, The shape of the curves in Figure 4 
is such that, after these operations, coincidence of the overlapping portions of 


CREEP CURVES, HEVEA GuM STOCK 
SHEAR STRESS 10.67 PSI 


TIME, MINS. 
Fie. 4.—Shear creep at various temperatures. Natural rubber. Unpublished data of Leaderman. 


the curves is indeed obtained, and the amount of shift necessary for coincidence 
of the ordinate values agrees very well with general relations found applicable 
to all polymers'*®-*®, 

A single curve is obtained rising in sigmoid fashion from a strain too small 
to be observed at short times to a shear strain corresponding to a modulus of 
the order of 10’ dynes/cm? at long times. Empirical equations have been found 
which represent this curve over the entire range of experimental values®. The 
curve may be regarded as representing the behavior of the rubber over a very 
wide range of times at a single reference temperature. The behavior at other 
temperatures may be obtained by a mere shift of the log-time scale. General 
confirmation is given to this conception by studies of the dynamic modulus for 
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sinusoidal stresses of varying frequency'*®. By extending into the megacycle 
range at 25° C, these studies can give information about the behavior in the 
range of microseconds, whereas inertial effects prevent direct creep observations 
on specimens of ordinary size at times shorter than the order of milliseconds. 
The sigmoid creep curve for 25° C derived from Figure 4 indicates that a 
strip of rubber, in the absence of inertial effects, would first deform perceptibly 
in a time of the order of hundredths of a microsecond. Other work involving 
the observation of strains smaller by several orders of magnitude has shown that 
the effective modulus for shorter times is of the order of 10'' dynes/em?. Be- 
tween about 0.01 microsecond and 10 microseconds the creep curve indicates 
that the deformation would rise to correspond to a modulus of the order of 107 
dynes/cm?, The most rapid rise occurs for times of the order of a few micro- 
seconds. The slope then shows a steady decrease until the time is of the order 
of one second, at which point its value is about 2 per cent per decade. All the 
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Fre. 5.—Creep at 25° C. Stress about 3 kg/cm* (2 kg/cm? for IIR). A. Neoprene. B. 
Natural rubber. C. IIR (butyl) rubber. D. SBR. Data in Reference 31. 


data beyond this time could be represented by a line of constant slope of ap- 
proximately the same value. Similar creep curves have recently been obtained 
by F. Bueche". 

Entirely analogous results are obtained from stres-relaxation experiments“, 

Figure 5 shows experimental observations of Martin, Roth, and Stiehler™ 
covering four decades of the creep curve at 25° C beginning at one minute. In 
this case the specimens were subjected to simple extension at a fixed stress. 
As far as can be seen the relation of elongation to log time is linear over this 
range in agreement with the representation of the data of Figure 4 from one 
second to 5 minutes. Martin, Roth, and Stiehler* give the creep of a natural 
rubber compound vulcanized to approximately the same Young’s modulus 
(13.8 kg/cm?) as the vulcanizate used by Leaderman in Figure 4 as averaging 2 
per cent per decade, in agreement with the figure noted for Leaderman’s data. 
The decrease of slope of the creep curve, evident over the range from micro- 
seconds to about one second, apparently does not continue over the next six 
decades of log time. 
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The maximum time shown in Figure 5 is about one week, and it is not feas- 
ible to extend the observations appreciably farther on the logarithmic time 
scale at 25° C because of the likelihood of irreversible chemical changes due to 
aging of the rubber. Likewise degradation and flow*'--® and nonrecoverable 
stress relaxation’®"' occur in most elastomers within a few hours if observations 
are made at temperatures above 50° C. Thus it is not feasible to extend the 
effective time-scale by observations at temperatures higher than 50° C. Con- 
sequently, with the exception of some specially purified silicone rubbers ‘‘cross- 
linked by radiation’’’, we know of no instances where experimenters have been 
successful in obtaining conditions such that no change of deformation with 
time could be observed. 
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Fia. 6.—Stress-strain relations for rubbers with modulus values of 10, 15, and 20 kg/cm?*. 


A model system possessing a single retardation time would give a sigmoid 
creep curve reaching 99 per cent of its final value 0.66 decade beyond its point 
of maximum slope. It has already been noted that the experimental creep 
curve continues its observable rise for at least 12 decades beyond its point of 
maximum slope. The conclusion is that each rubber listed in Figure 5 must 
be represented as a system with a very wide distribution of retardation times, 
extending up to at least a week. 

Recovery curves at 25° C* demonstrate that recovery is essentially complete 
and that the synthetic rubber neoprene, which showed the greatest slope in its 
creep curve and had the largest temporary set also recovered most rapidly and 
its recovery in 10,000 minutes was as complete as that of the others. 

The recovery curves demonstrate that a once-stretched rubber is still under- 
going changes a week after the stress was removed. The importance of previ- 
ous mechanical history was also brought out by experiments of Martin, Roth, 
and Stiehler® yielding creep curves under a stress of 2 kg/cm? measured (1) 
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after no prestressing, (2) after prestressing for 1440 min at 4 kg/cm? with no 
time for recovery, and (3) after prestressing for 1440 min at 4 kg/cm? followed 
by 5 min of recovery at zero stress. It was found that the effects of the 5-min- 
ute interval of recovery disappear after about an hour but that the effects of 
the one-day prestressing are still evident after a week. 


FORM OF STRESS-STRAIN RELATION 


Suppose that the stress is maintained constant and the strain measured 
after a fixed period of creep—1000 min for example. Figure 6 shows the re- 
sults which would be obtained with three different rubber vulcanizates. The 
ordinate is the stress F (force divided by undeformed cross section) and the 
abscissa L the ratio of stretched to unstretched length. A short section of the 
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Fie. 7.—Empirical for relation between stress-modulus mle F/M and extension ratio 
L. Dashed ine ee tenstion predicted by by statistical theory. From Reference 52. 


compression curve, where L is less than unity, isshown. The value of Young’s 
modulus M, or slope at L = 1, is 10, 15, or 20 kg/cm’, respectively, for each of 
the three curves. This covers about the range of values encountered for rubber 
vulcanizates containing no fillers—the only ones to be considered here. 

The first significant fact to be noted in this connection is that the course of 
the curve is dependent only on the modulus. The modulus varies with the 
nature of the rubber, the extent of vulcanization, and the time of creep, but 
the stress-strain relation does not depend on what particular combination of 
these factors leads to a given modulus. This means that the curves given are 
applicable for example to any period of creep; of course all points must be 
taken after the same fixed time. It should be pointed out that the stress-strain 
curves observed when the stress and strain are varied simultaneously (as in 
normal tensile testing) do not fulfill this condition. However, for a rubber 
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where the creep does not exceed a few per cent per decade of time, the modulus 
falls by only a few per cent during the time required to elongate the specimen 
to break at the rate employed in normal tensile testing. 

The second significant fact to be noted is the apparent similarity of shape 
of the curves. This is demonstrated by plotting the ratio of stress to modulus, 
F/M, against L. The three curves of Figure 6 all coalesce to a single general 
function having unit slope at Z = 1. 
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modulus 1 IIR “(butyl rubber vulcanized 20, 30, 60, and 240 minutes. 100 min creep. Data in 
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An empirical function representing the observed values of F/M satisfactorily 
over the range of interest has been found to be: 


F/M = (L~ — L*) exp A(L — (1) 


where A is a constant™. A plot of this function including the compression re- 
gion is shown by the full line in Figure 7. The constant A has been taken as 
0.38. The relation predicted by the statistical theory to be discussed later is 
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shown by the dashed line for comparison. Of course no significance is to be 
attached to the portion of the empirical curve near the origin. The directly 
observed values of F/M are found to lie on the full line for values of L between 
0.5 and about 3. The data of Martin, Roth, and Stiehler* offer the best exper- 
imental verification of this statement in the region of extension, while the data 
of Treloar*’ offer the most extensive verification in the compression region be- 
tween L = 0.5 and L = 1. The observations are better represented by the 
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dashed curve of the statistical theory only for values of L less than 0.5. The 
success of the single empirical function in representing both compression and 
extension is a very significant accomplishment™, 

A more logical and more sensitive method of testing the validity of the em- 
pirical F/M function is shown in Figure 8. The form of the function is such 
that a plot of the quantities shown as ordinates should yield a straight line with 
a slope corresponding to the constant A (taken as 0.38 in Figure 7) and an inter- 
cept corresponding to the modulus M. The data* shown here are for IIR 
(butyl) rubber specimens. Table I shows values of the slopes of these and 
similar lines for pure-gum vulcanizates of natural rubber and the three common 
synthetic rubbers. 
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Accepting the validity of the empirical F/M function one can then compile 
a table of values of F/M for each per cent elongation between 0 and 200; from 
a single observation of stress and strain the table can be used to evaluate M. 
M is the most logical quantity to use in characterizing the kind of rubber, the 
state of vulcanization, and the creep behavior. If desired the table can be used 
a second time to determine the value of F at any elongation. The utility of 
such a table in practical work is obvious. 


THERMODYNAMICS: ENTROPY AND ENERGY 


The retractive force in a stretched metal can be traced back to interatomic 
forces and potential energy associated with a displacement of atoms. The 
expansive force of a compressed gas, on the other hand, is not primarily due to 
any interatomic forces or potential energies, but is associated with the kinetic 
energy of the thermal motion of the gas particles. Work done on the gas is 
converted to thermal energy of the particles and may be partially recovered as 
the gas is allowed to expand again. In this case changes in entropy must be 
considered and the effect of temperature is highly significant. Correspondingly 
the pressure of the gas increases quite rapidly with increasing temperature, 
while the retractive force in a stretched metal generally decreases rather slowly 
with increasing temperature. 

One can determine whether the retractive force in stretched rubber is pri- 
marily due to interatomic forces (as in the metal) or to entropy changes (as in 
the gas) from an examination of stress-temperature relations®. Thermody- 
namic considerations can be applied to derive quantitative relations involving 
“equilibrium” (i.e., time-independent) values of the stress.” )We shall follow 
the thermodynamic treatment and symbols of Flory® in this section. 

The change in internal energy dE in a process is the sum of the heat energy 
added TdS, where dS is the entropy change and T the absolute temperature, 
plus the work done on the system by the external pressure, namely —PdV and 
by the retractive force, namely fdL. 


dE = TdS — PdV + fal (2) 


where f is the force and dL the distance through which the force acts. 
The Gibbs free-energy F and the Helmholtz energy function A are defined 
as follows: 


F=E+PV-—-TS=A+PV (3a, b) 


The change in free energy dF in a process can be obtained by differentiation of 
Equation (3a) to give 
dF = VdP — SdT + fdLb (4) 
It can be seen that 
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Utilizing the well-known property of a double partial derivative that the 
order of differentiation is immaterial one finds that 


of = 
OL |rp 


(7) 


The quantity on the right is significant in calculations but not directly observ- 
able. The quantity on the left is readily measured. 
Solving Equation (2) for the force one finds: 


since the quantity P = is negligible. Finally, 
OL 
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This means that if the force f measured at constant length and pressure is 
plotted against the temperature 7’, then the slope of the tangent to the curve at 


“| and the intercept (at 0° K) of the tangent will 
T,P 


any point will give "7 L 


Plots of this sort are grequently made’-*, and are usually found to be practi- 


cally linear. The entropy component of the force — T ee is often found 


to be considerably larger than the energy component ar | but the latter is 


by no means negligible in general. 

This analysis of the components at constant pressure, while perfectly valid, 
does not possess as much significance as it would if it had not been found?®." 
that there is a volume increase on stretching rubber, amounting to hundredths 
of a per cent at an elongation of 100 per cent under constant pressure. This 
volume increase is responsible for significant parts of the internal energy and 
entropy changes. Consequently if attention is to be centered on configurational 
aspects, the analysis should be made at constant volume, not at constant pres- 
sure. 

In this case, it is found convenient to perform on the Helmholtz energy 
function A the same operations just performed on the Gibbs free energy F. 
It will be remembered that A is E — TS and so 


dA = dE — TdS — SdT (10) 


dA =— PdV — SdT + fal (11) 
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The partial derivatives of A at constant volume are again f and — S and on 
cross differentiation we get 
of — 


OF lev (12) 


of aE 


(13) 


This is identical in form with Equation (9) previously obtained at constant 
pressure. It calls for maintaining the volume constant by the application of 
external pressure as the force-temperature relation is investigated. This would 
be an experimental condition quite difficult to maintain accurately, although 
consideration has been given to attempting it. 
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Fic. 9.—Stress-temperature relations. Resolution of stress into entropy and energy components. 


The same result can be obtained under much simpler experimental condi- 
tions if one makes use of the following approximation: 


as af 


where a is the ratio of stretched to unstretched length, the lengths being meas- 
ured at the same temperature. This approximation may be derived by an ex- 
tended analysis® which will not be repeated here. Finally then 


of OE 


The force required to maintain a constant elongation, (a — 1), is relatively easy 
to measure as a function of temperature at constant pressure. 

Typical schematic force-temperature plots of the types just described are 
shown in Figure 9, where the resolution of the force into energy and entropy 
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components at constant pressure and at constant volume can be noted. If the 
force-temperature plot is not linear the lines shown can be taken to represent 
the tangents to the cruve at point D. If the force is taken as that acting on 
unit area of original cross section the ordinate in Figure 9 can also represent the 
stress. 

From experimental studies of the type illustrated in Figure 9 one obtains 
data similar to that shown in the lower curves of Figures 1 and 2, which give 
values of the stress-temperature intercept for natural rubber which has been 
maintained at constant elongation for several hours*. This period is long 
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Fie. 10.—Stress-strain relation and stress-temperature intercepts for SBR. Data in Reference 42. 


enough to insure that the stress is changing only very slowly with time. How- 
ever, the true “equilibrium” values required in the thermodynamic analysis are 
not experimentally accessible, since the stress relaxation of natural rubber at 
25° C, like the creep, is normally not less than the order of 2 per cent per decade 
of time, as discussed in the section on viscoelastic behavior. Some observers 
have reduced the rate of stress relaxation at 25° C by a previous relaxation at the 
maximum elongation followed by a recovery period” or by a previous swelling 
of the rubber'®., It is not clear to what extent these procedures‘may alter 
the system under investigation. 

The intercept of the stress-temperature relation represents, as has just been 


shown, the internal energy component |. of the stress. The negative 
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values at high elongations are due to crystallization, which of course is responsi- 
ble for large changes in internal energy with stretching. Crystallization by 
favoring the alinement of molecules in the direction of stretching would be ex- 
pected to decrease the total force and lead to negative values of the intercept. 
The positive values which are obtained at low elongations have not received an 
explanation in molecular terms, but are quite small in comparison with the 
total stress. The total stress is consequently to be regarded as consisting es- 
sentially of the entropy component alone in the case of natural rubber in the 
absence of crystallization. 

A similar type of representation of the results obtained with SBR synthe- 
tic rubber is given in Figure 10. The constant-elongation intercept is always 
negative here, becoming zero at the zero elongation. Thus the observed stress 
is consistently less than that component arising from the entropy alone. The 
intercept at constant length also shown here differs from that at constant 
elongation because of the energy changes associated with the change of volume, 
as already demonstrated in the thermodynamic analysis. 

Similar data for the evaluation of internal energy changes do not appear to 
be available for butyl rubber and neoprene. 


STATISTICAL CALCULATION OF ENTROPY 


The conclusion that the retractive force in stretched rubber is chiefly as- 
sociated with entropy changes stimulated the development of calculations 
based on the detailed molecular structure of rubber®“* These calculations and 
related background are commonly called the statistical theory of rubber elas- 
ticity (because they are based on statistics and probability considerations) or 
alternatively the kinetic theory of rubber elasticity (because they relate to the 
thermal motions of molecular segments and are analogous to similar calcula- 
tions in the kinetic theory of gases). 

A typical rubber molecule consists of a long flexible chain of 10,000 to 100,- 
000 atoms. For simplicity, numbering the atoms in the chain from 1 to n and 
neglecting atoms not in the chain, let us maintain a fixed angle between bonds 
joining adjacent atoms and no other preferred orientation. Atom A; may lie 
anywhere on a circle formed by rotating the molecule about A; A: as axis; 
atom A, is correspondingly on a circle formed by rotation about A; A; as axis, 
and so on with the other atoms. The calculation of the most probable value of 
A; A,, the distance between ends, is of course one of the well-known “‘random 
flight’”’ problems of statistics. 

For visualization Treloar® has constructed a model of this sort by bending a 
wire to make 1000 equal segments with angles of 109° between each segment. 
A random choice of one of 6 positions for A3, Ay, As, etc. on the circles just 
mentioned was made by a throw of a die. A photograph of the wire is shown 
in Figure 11. 

This of course represents only one of many possible configurations. Since 
there are 1000 choices among 6 possibilities the number of configurations is 
6, which is 10778. The end-to-end distance A; A, shown turned out to be 
very close to the most probable end-to-end distance calculated from statistics. 
The actual typical rubber molecule would have a minimum of about 10,000 
links rather than the 1000 shown here. 

We shall not trace out any exact derivations here but it is easy to see that 
one can calculate the probability of a given configuration and of a given en- 
semble of configurations. From this the entropy of the undeformed rubber can 
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be obtained by the Boltzmann relation that the entropy is the Boltzmann con- 
stant & times the logarithm of the probability. A similar calculation can be 
made for the entropy in the deformed state. The difference in entropies multi- 
plied by the temperature gives the change in the Helmholtz energy function 
A on stretching, or at least that poriton of it which arises from entropy changes. 

Three somewhat different approaches have been used for these calculations 
of change of A on deformation. If the dimensions of a cube, initially of unit 
length on each side, become Aj, \2, and A3 on deformation, the three approaches 


AD 


Fie, 11.—1000-link chain with random orientation of links. Described on page 42 of Reference 5. 


agree in predicting that the entropy component of the energy function change 
per unit volume should have the form: 


AA =— TAS 
= (G/2) + A? + As? — 3) (16) 


They also agree in predicting proportionality between the constant G and ab- 
solute temperature but differ in the other factors determining CG. 

The approach proposed by Kuhn*-?7-46 considers only a single molecule of 
molecular weight M, and assumes that the deformations of the molecule parallel 
exactly the deformations of the bulk rubber. This approach yields 


G = pRT/M. (17) 
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where p is the density and FR the gas constant. 
The appraoch proposed by F. T. Wall*®-*° considers N chains and yields 


G = NkT (18) 


where k is the Boltzmann gas constant. 

The approach outlined by Flory and Rehner*:*-” considers a network re- 
solved into tetrahedra of average molecular weight M, between crosslinks. The 
result is the same as that given in Equation (17), where M, now has the sig- 
nificance just mentioned. 

If the specimen is subject to the type of deformation known as pure shear 
Ay = L, Ae = 1/L and Xd; = 1, where L is the ratio of stretched to unstretched 
length for one dimension of the unit cube. When the deformation is simple 
shear (involving effectively a translation and rotation in addition to pure shear) 
the shear strain y is (L — 1/L) and the strain energy is the same as for pure 
shear. 

The strain energy per unit volume for simple shear is thus from Equation 
(16): 


W = (G/2)(L? + 1/L* — 2) = (G@/2)(L — (19) 
W = (G/2)7* (20) 
The shear stress ¢ is then: 


o = dW/dy = Gy (21) 


Equation (21) predicts the validity of Hooke’s Law for shear stress and 
strain and states that the constant G is the shear modulus. 

If the specimen is subjected to simple extension or compression A, = Z and 
Ae = As = Here, from Equation (16), 


W = (G/2)(I? + 2/L — 3) (22) 


and the stress F is then 


F = = (23) 


One notes that the slope of Equation (23) at the origin is 3G; consequently 
Young’s modulus M is three times the shear modulus G,—the relation valid for 
an incompressible material. 


F/M = (1/3)(L — L-*) (24) 


Experimental values of the entropy components of stress can be obtained 
by subtracting from an observed value of total stress the component due to 
energy effects. The methods of determining the latter quantity are given in 
the preceding section. Figures 1 and 2 show observed values of total stress 
(upper curves) and energy component (lower curves) for a pure-gum vulcanizate 
of natural rubber. Up to elongations (about 150 per cent) where crystallization 
becomes apparent in this rubber the energy component is rather small compared 
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with the total stress ; consequently in this instance the total stress arises effect 
ively from the entropy component alone. In Figure 7 the values of entropy 
component of the stress-modulus ratio (dashed line) calculated from Equation 
(24) derived from the statistical theory are compared with the observed values 
represented by the empirical relation (full line) given by Equation (1). It will 
be seen that the discrepancy between the observed values and the calculated 
values is considerable; the calculated values are as much as 50 per cent larger 
than the observed values at L = 3. This discrepancy has been noted repeat- 


edly in natural rubber (References 5, 8, 22, 31, 43, 47, 49), but no revised cal-. 


culation of the entropy component has been developed which will explain the 
discrepancy. The discrepancy appears also in butyl rubber’’ and in silicone 
rubber, 

In the case of a pure-gum vulcanizate of SBR synthetic rubber® the dis- 
crepancy is found to be much less. Here the energy component is much larger, 
is always negative, and its magnitude increases markedly with elongation, as 
can be seen in Figure 10. When this quantity is added to the observed stress 
to get an experimental value of the entropy component of the stress-modulus 
ratio, it is found that the value calculated from statistical theory seldom exceeds 
this experimental value by more than 10 per cent. It is difficult to understand 
how SBR should come nearer to the ideal rubber in this respect and yet be 
farther from it in most other respects. 

The statistical theory, in addition to the predictions regarding the functional 
form of the stress-strain relation as just discussed, calls for proportionality be- 
tween the shear modulus G and absolute temperature, Equations (17) and (18). 
For temperatures between —30° and +70° C this proportionality is normally 
found to be valid’. When precise measurements are made at low elonga- 
tions, curves which are concave toward the temperature axis are observed’. 

Finally the statistical theory in Equations (17) and (18) predicts a definite 
value of the shear modulus, which can be calculated if one can determine M, or 
N. The first attempts*’-'* to verify the relationship gave values of the calcu- 
lated modulus between one-third and one-half of those which are observed. 
Recent extensive studies*:** have given calculated values as high as two-thirds 
of those observed. In the calculation a correction must be made for the effect 
of initial molecular weight before crosslinking. Network entanglements, not 
considered in the measured crosslinkages, are usually considered responsible 
for the higher observed modulus. On the other hand, in very recent work on 
silicone rubber crosslinked by radiation, Bueche™ calculates a modulus about 
twice that observed. 


STRAIN ENERGY CONSIDERATIONS 


We have just seen how a single strain energy function can be used to predict 
stess-strain relations under two different types of deformation. Indeed if 
completely known, it can predict these relations for any abribrary type of de- 
formation whatever. We can say then that the ultimate problem of rubber 
elasticity is the derivation of the strain energy function from molecular consid- 
erations. We have seen the rather limited success of the statistical calculation 
of the entropy component. 

There are certain general considerations regarding the form of the strain 
energy function which must apply whatever its molecular origin. Work along 
these lines was initiated by Mooney®* and the ideas were put into much more 
general and rational form by Rivlin**®. For example, the strain energy func- 
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tion must be expressible as a linear combination of certain functions of the de- 
formation called strain invariants. The three simplest strain invariants are as 
follows: 


=A? +A? +A? (25) 


= + + (26) 
and 
T; = APA2A3° (27) 


Each must fulfill two conditions: first, it must be symmetrical in A;, Ae, and Az, 
because of the isotropy of the rubber before stretching, and second, it must 
contain only even powers of the ’s, since the stored energy is unaltered by a 
change of sign of two of the \’s, corresponding to a rotation of the deformed 
rubber through 180°. It can be seen that each term in J; contains a single A; 
in J; they appear in pairs and in J; they appear as the product of all three. 
Higher strain invariants contain the fourth and higher even powers of the X’s, 
but will not be further considered here because of their complexity. 

If the volume is constant (as it is in rubber to within some hundredths of a 
per cent), Z3, the square of the volume of the deformed unit cube, is equal to 
unity and J; becomes the sum of the reciprocals of the squares of the \’s. 

For simple extension the relations have already been mentioned 


Ai = L, Ae =}; = 
and consequently 
= 2 (28) 


and 
In =2L+4+17 (29) 


The stress F for simple extension or compression can be obtained by differ- 
entiation of the strain energy function W. 


OWdl, , 


F als aL (30) 


I; does not appear since it is unity, as already mentioned, and higher in- 
variants are being neglected. 


F =2L oF + — (31) 


If one wishes to put Equation (31) into a form suitable for a convenient plot, he 
has two choices suggested by the following two modifications of the equation: 


10Ww 


(F/M)/20 — = 1 ow 


M al, M Ole (33) 


: 
4 
3 
M M dle (32) 


978 RUBBER CHEMISTRY AND TECHNOLOGY 


If in accordance with the conclusion of Mooney®, the partial derivatives re- 
main constant as L is varied, a plot of 


(F/M)/2(L — against L~ 
as suggested by Equation (32) will give a straight line with intercept 
(1/M)(@W/dI;) and slope 
The converse of this statement is not ture: if a straight line is obtained from a 
plot of the type mentioned it is not necessarily true that the intercept C:/M and 


slope C2/M will be the quantities mentioned, since the partial derivatives may 
each be functions of L. Rivlin and Saunders” present evidence to indicate that 


0.19 


1.0 2.0 
Fie. 12.—Plot of the empirical stress-strain relation of Equation (1) in the form suggested 
Equation (32). A taken as 0.38. 52. 


dW /d1; is substantially independent of J, and J2, and consequently independent 
of L. &W/dI- is independent of J; but decreases with increase of J2. However 
the decrease is not more than about ten per cent over the range considered here 
A plot similar in form to that just mentioned but not containing the factor M 
has found extensive use”.*.“°.“ in the British literature. 

If the plot just mentioned is not a straight line the slope and intercept may 
be evaluated over limited regions of approximate linearity. Figure 12 shows 
the empirical F/M function given in Equation (1) with A = 0.38, used in a plot 
suggested by Equation (32). An approach to linearity is seen for the inter- 
mediate values of Z~'. 

Equation (33) suggests a plot of (F/M)/2(1 — L~*) against L to evaluate as 
intercept C2/M and as slope C:/M. This general type of plot has been noted 
in only one instance'' (again without the factor M), although this form ap- 
pears to be much more convenient and is more readily visualized than that ’ 
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suggested by Equation (32). The region of compression also is represented in 
a more satisfactory fashion. 

Figure 13 demonstrates the same facts as Figure 12 somewhat more clearly 
by using the empirical F/M function in the plot suggested by Equation (33). 
This figure extends into the region of compression. It shows that in this region 
the statistical theory represents the data adequately. In fact, for values of L 
below 0.5 and only in this region, it has already been pointed out that the 
statistical theory represents the data better than the empirical F/M function. 
The deviations from the statistical theory are apparent immediately above 
L = 1; there is no region of approximate conformity at low values of extension™. 

For values of L between 1.5 and 3 a straight line with smaller slope and a 
positive intercept is noted, corresponding to the approach to linearity noted in 
Figure 12. Both slope and intercept are varying in the region from 1.0 to 1.5. 


0.36 
STATISTICAL 


THEORY 


1.0 2.0 3.0 4.0 
L 


Fie, 13,—Plot of the irical stress-strain relation of Eq. (1) in the f suggested 
(33). A taken as 0.38. "Prom RSE 52. 


Crystallization effects’, lack of reversibility, and the approach to the 
limiting extension of a network”. have been invoked to explain the behavior 
for values of L greater than 3. There has been a tendency to ascribe the devi- 
ations from linearity for L between 1.0 and 1.5 (i.e., for Z~ between 0.7 and 1) 
to errors of observation” but the deviations are systematic and the line must 
form a smooth junction with the values in the compression region (Z less than 1), 
as shown in Figure 13. 

The entropy component of the strain energy function predicted by the sta- 
tistical theory has been given in the preceding section as Equation (16). This 
is now seen to involve only the first strain invariant J; and constants. It is the 
simplest possible form the strain energy function could assume. The statistical 
theory offers no explanation of the term involving the second strain invariant 
I; above L = 1.0, as shown in Figure 13. The defect, in the case of natural 
rubber at least, is in the calculated entropy and not in the internal energy term, 
as has just been shown by the thermodynamic analysis. The decrease of en- 
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tropy with L is less at larger values of L than would be calculated[from pure 
probability. In other words, the system retains more disorder in the arrange- 
ment of the molecular chains than is expected. Thisis not toosurprising. The 
quantitative calculation of this additional entropy from molecular considera- 
tions is one of the most promising fields for further work in the theory of rubber 
elasticity. 

SUMMARY 


Rubbers, natural and synthetic, are unique in being highly extensible and in 
retracting forcibly and quickly to substantially their original dimensions when 
released. 

It has been found that the stress-strain curves for extension and compression 
of most of the simplest vulcanizates of natural rubber and the three most im- 
portant synthetic rubbers are similar in shape. The relationship is expressed 
by the equation F/M = (L~ — L~*) exp A(L — L~"). where F is the stress, L 
the ratio of stretched to unstretched length, and M and A are constants. The 
constant M depends on the nature of the rubber, the extent of vulcanization, 
and the time of creep. The constant A has a value of about 0.38. 

By a study of stress-temperature relations it is found that the most impor- 
tant factor in the retraction of stretched rubber is the tendency of long chain 
flexible molecules to return to a configuration which is statistically more prob- 
able than the one which the stretching has forced them to assume. Calculations 
of entropy changes arising from stretching can be made from probability con- 
siderations, and a strain energy function deduced from the entropy changes. 
Stresses calculated from the strain energy function agree with those observed in 
compression but are greater than those observed in extension by almost 50 per 
cent at L = 3. 

A phenomenological approach shows that the strain energy should be ex- 
pressible as a function of certain quantities called strain invariants, calculable 
from the deformations. The simplest behavior is found in the region of com- 
pression (Z less than 1), where the strain energy is merely the first invariant 
times a constant calculable from the entropy changes. For values of L between 
1.5 and 3 a different constant and an added term involving the second strain 
invariant are required. The explanation of this behavior in molecular terms 
is one of the most important current problems of rubber elasticity. 
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FRICTION AND ABRASION OF RUBBER * 
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Tue Bairise Russer Propucers’ Researcn AssoctaTIon, 
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I. INTRODUCTION 


Modern work! on the mechanism of sliding friction and frictional wear of 
solids has brought to light the important role played in these processes by the 
microtopography of the rubbing surfaces whose roughness makes the true area 
of contact small and produces high pressures where the asperities meet. Under 
the influence of these local stresses, irreversible junctions are formed between 
the rubbing members, and the frictional work done in sliding is the energy nec- 
essary to break these junctions. Thus, friction of solids is a concomitant of 
abrasion, and the frictional force is proportional to the true area of contact. 

In contrast, rubber friction is not necessarily accompanied by abrasion. 
Roth, Driscoll and Holt? were the first to show that even after prolonged sliding 
on plate glass rubber samples suffer no abrasive wear. There is no evidence 
for rubber forming irreversible junctions with track materials unless very high 
temperatures are sustained during sliding, and the origin of rubber friction 
must be sought in a source other than that of solid friction. A suggestion as 
to its origin will be made in the following section. 

In spite of this difference between rubber and solid friction, the line of at- 
tack which has proved so successful in the theory of solid friction can with ad- 
vantage be brought to bear on rubber friction. Attention must, however, be 
paid to the fact that rubber generally experiences friction and wear under con- 
ditions different from those common with substances such as metals and fibers. 
Rubber hardly ever slides on other rubberlike materials but on tracks grossly 
dissimilar from it in surface texture, chemical constitution and elastic behavior, 
road surfaces being the most obvious and important examples. It will be shown 
in the subsequent pages that the concept of local stress concentrations in the 
area of contact between rubber and track goes a long way in accounting for the 
observed effects. 


FREQUENTLY USED SYMBOLS 


True area of contact 

Linear dimension of abrasive grain 
Elastic modulus defined by Equation (10) 
Frictional force 

Normal load 

Nominal normal pressure 

Radius of curvature of asperities 

Spacing of abrasion patterns 
Temperature ° C 

Temperature ° K 


* Reprinted from Wear, Vol, 1, pages 384-417 (1958). 
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v Sliding velocity 

Ww Abrasion per unit area 

“ Coefficient of friction 

¢ Force factor defined by Equation (6) 


II. VELOCITY AND TEMPERATURE DEPENDENCE 
OF RUBBER FRICTION 


Dynamic rubber friction has a small but definite positive velocity coefficient 
at low speeds, first demonstrated by Roth et al.2. This effect has the interest- 
ing consequence that rubber can slide on a horizontal track at constant velocity 
when a constant tangential force is applied. In this state of motion the tan- 
gential force is, of course, equal to the frictional force. The velocity coefficient 
being small, small differences in the tangential force produce large differences 


\ 
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10 is 
Distance (cm) 
e 1,—Sliding velocity of an acetone-extracted un wy vulcanizate of natural rubber on finely Fon 


plotted against sliding distance. Normal load, 6.44 kg. Tangential —~ % (a), 5.8 kg; (0), 
(c): curve replotted as log [(»—0. 00036)cm/sec }. From Reference 3 


in the sliding velocity. A measuring method based on this effect* is therefore 
very sensitive. It is found experimentally, however, that the actual sliding be- 
havior of rubber is complicated by time and distance effects which, though tran- 
sient, can considerably retard attainment of a steady state. This is exemplified 
by Figure 1. The graphs give the sliding velocities of an acetone-extracted un- 
filled vulcanizate of natural rubber on a finely ground glass track at two different 
tangential forces, the larger force having been applied after the experiment with 
the lower force. It may be mentioned here that in certain measurements it is 
advisable to extract the samples in order to prevent contamination of the track 
by impurities oozing out of the samples. This precaution is essential when 
experiments are carried out at variable temperature, for the rate at which the 
contamination occurs increases with increasing temperature. 

With a pulling force of 5.8 kg, the sliding velocity decreases rapidly through- 
out the experiment and the sample eventually stops. Despite the initial motion 
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produced by it, 5.8 kg is obviously lower than the equilibrium force of static 
friction. On increasing the tangential force to 7.8 kg the sample starts anew, 
slows down again, but, in contrast to the previous case, reaches a finite steady- 
state velocity. When the values of this second curve are replotted as log 
(UV — Usteady state) the straight line (c) is obtained. The effects illustrated by 
Figure 1 have their counterpart in a slow rise of the frictional force when the 
sample is moved at constant velocity, as was shown by Roth et al.? The phe- 
nomenon appears to be due to surface conditioning of the sample; on abrasive 
tracks where the surface is constantly renewed the effect is absent or very small. 
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Fic. 3 Buadr-cate sliding velocity of an acetone-extracted unfilled vulcanizate of natural rubber on 


silicon carbide cloth plotted against reciprocal absolute temperature for various tangential forces. Normal 
load, 6.44 kg. From Reference 3. 


For this reason, most experimental results have been obtained on abrasives. 
Sliding velocities given in the following two graphs (Figures 2 and 3) are all 
steady-state values. 

The most interesting property of sliding velocities is their pronounced tem- 
perature dependence. Figure 2 gives the logarithm of the sliding velocity on 
silicon carbide paper of the natural rubber compound referred to in Figure 1 as 
function of the reciprocal absolute temperature, the tangential force being the 
parameter. The curves can be approximated to straight lines and be described 
by Equation (1) 


Veonstant foree = A’ exp (— E’/RT) (1) 


where A’ and £’ are constants. 
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The force dependence of the sliding velocity can be derived from the curves 
of Figure 2 by interpolation, the result being shown in Figure 3. Defining 
static friction as that value of the tangential force at which the velocity ap- 
proaches zero, a figure of about 5 kg is obtained for sliding on silicon-carbide 
cloth. At forces above about 7 kg, the curves are nearly straight lines, indicat- 
ing that an exponential relation between sliding velocity and frictional force 
obtains at sufficiently high dragging forces. 

Equation (1) is strongly reminiscent of the relation between fluidity and 
temperature observed in viscous flow and also in other phenomena generally 
referred to as rate processes. In these processes, the elementary particle, or 
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Fia. 3.—Steady-state sliding velocities at two temperatures on silicon carbide oe plotted against tan- 
gential force. Data derived from Figure 2. From Reference 3. 


complex of particles involved in the process are thought to be confined to po- 
tential wells of depth Z’ from which they can escape only when they attain 
through thermal collision kinetic energy equal to, or exceeding EZ’. The rate of 
the jumps is proportional to the Boltzmann factor e~2"/27. In the absence of 
external stress, the direction of escape is random but an applied stress tends to 
direct the jumps in such a way as to relieve the stress. 

It has been suggested* that in frictional sliding of rubber the molecular force 
fields of rubber and track interlock at the true area of contact, similar to the 
interaction between parallel molecular layers in laminar viscous flow, and that 
the frictional force of rubber is akin to viscous forces. No breaking of molecular 
bonds and therefore no frictional wear need be invoked to account for the fric- 
tiona! force in this picture. 
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The stress dependence of the sliding velocity shown in Figure 3 suggests that 
rubber friction resembles non-Newtonian rather than Newtonian flow in that 
the velocity is not proportional to the tangential stress. Following Eyring‘, 
this effect is thought to be due to a modification of the intermolecular field by 
the large tangential stresses occurring in rubber friction which effectively lower 
the energy barrier surrounding the potential well. In the region where the log- 
arithm of the sliding velocity is proportional to the tangential force, the results 
shown in Figures 2 and 3 can be expressed by Equation (2): 


= voexp — — yF)/RT (2) 


where vo and y are constants, EZ, is the activation energy and F, the frictional 
force. The experimentally determined activation energies are 19,880 cal/mole 
for sliding on ground glass and 16,160 cal/mole on silicon carbide. It is inter- 
esting to note that the activation energy for dielectric relaxation has the similar 
value of about 17,000 cal/mole, suggesting that the moving complexes are of 
the same order of magnitude in the two processes. 

The temperature coefficient of the frictional force as derived from Equation 
(2) is then given by Equation (8): 


R vo 
(OF/8T), = log (3) 


This coefficient is always negative because of the high value of v9 which, as 
estimated from Figure 2, amounts to 10" cm/sec. 


The physical significance of vo is as follows: 
If \ is the length of the jump executed by the moving complexes after successful 
activation, then v/) is the transition rate k, which may be written as 


According to the rudimentary theory outlined above, ko should be the relevant vibra- 
tional frequency of the moving complexes. With 10~’ cm asa oy d value of A, ko is 
10” sec™! which is clearly too high by many orders of magnitude for this interpretation 
to be valid. The large value of k can be accounted for on the basis of a theory due to 
Eyring, which considers activation in physical processes as a chemical reaction‘. In 
this theory, due consideration is given to the fact that the number of complexes hav- 
ing at any time the activation energy E, is not solely proportional to the Boltzmann 
factor exp — E,/RT but is also proportional to the ratio of the number of sites avail- 
able to activated complexes to the number of sites at the disposal of not activated 
complexes. For this reason, the constant ko is actually the product of the vibration 
frequency and the ratio of sites in the two states. This ratio is introduced in Eyring’s 
theory as exp AS/R; AS is called — of activation. A large ko accordingly indi- 
cates that there are many more possible sites for activated t for not activated 
complexes. This point has been discussed in detail by Kauzmann*’, 


Work on the velocity dependence of rubber friction so far referred to has 
been carried out at velocities not exceeding about 1 cm/sec. With higher veloc- 
ities, sliding at constant tangential force becomes unstable, presumably because 
of the temperature rise due to dissipation of frictional energy. It then becomes 
necessary to reverse the technique and measure frictional forces at prescribed 
velocities. Experiments have been carried out which allowed the frictional 
temperature rise to be measured at the same time’. The slider was a thermo- 
couple giving a geometric contact area of about 1 mm* which was pressed 
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against a rotating rubber disc. Figures 4(a) and (b) give the results obtained 
on an unfilled and a carbon black-filled compound of natural rubber. It will 
be seen that the initial increase of the coefficient of friction with increasing veloc- 
ity is not maintained at higher speeds but gives way to a gradual decrease. 


Bt 66) 


(66) 


p32) 


Fra. 4.—Frictional temperature rise At and coefficients of friction plotted sliding A 
on an ‘unfilled vulcanizate ms eel rubber; (b), on a a: — tire compound filled wi 
par MPC black. Lt ave’ normal loads (g) are given in bracke (c), theoretical velocity joie 
ence of the frictional force, ted from Equation (5). Graphs fa) and tb) from Reference 5. 
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The load dependence of the coefficient of friction made evident in these graphs 
will be treated in detail in later sections. 

The considerable temperature rise is approximately proportional to the 
square root of the velocity. This dependence has been predicted theoretically 
by Jaeger® for very high velocity but appears to be valid for a wider range than 
given by Jaeger’s theory. 

It can be shown that the observed decrease of the coefficient of friction at 
higher velocities agrees qualitatively with the theory of rubber friction ex- 
pressed by Equation (2) if allowance is made for the simultaneous temperature 
rise. The comparison can be only qualitative because it is necessary to extra- 
polate from results obtained at velocities below 1 cm/sec to velocities reaching 
400 cm/sec. Assuming that the temperature rise obeys the relation 


At = cvv (4) 


suggested by the experimental evidence, and substituting Equation (4) in 
Equation (2), the frictional force is given by Equation (5): 


yF = E, — R(T. + eve) log (5) 


where 7'y is room temperature in the absolute scale. The shape of the curve 
predicted by Equation (5) is shown in Figure 4(c), which has been calculated with 
the following numerical values: Z, = 20,000 cal/mole, 7’) = 300° K, c = 5 deg 
and v9 = 10 cm This curve reproduces the salient features 
of the experimental curves, and it appears that the decrease of the coefficient of 
friction with increasing velocity can largely be attributed to the frictional 
temperature rise. 


III. LOAD DEPENDENCE OF RUBBER FRICTION 
ON SMOOTH SURFACES 


The views on the nature of rubber friction put forward in the preceding 
section imply that the frictional force is proportional to the true area of con- 
tact A, and thus conform with the theory of solid friction briefly reviewed in 
the INTRODUCTION. The frictional force F is accordingly given by Equa- 


tion (6) 
F=9-A (6) 


and it will be assumed that velocity and temperature effects involve only the 
force factor g. In the absence of a yield pressure, it is not admissible to put A 
proportional to the normal load, as is done in the theory of solid friction where 
shape and size of the surface asperities are immaterial. An assumption has 
therefore to be made about the asperities on rubber surfaces which is conducive 
to treatment by theory or model experiment without being too far-fetched. 
From both points of view it is advantageous to approximate the rubber surface 
to an array of identical, closely spaced hemispheres of radius r?. This model is 
meant to apply only to conventionally molded samples. It is further assumed 
that the elastic behavior of the rubber can, for the strains occurring here, be de- 
scribed by a single elastic constant HZ which will be defined presently. It follows 
from dimensional considerations that the true area of contact with an ideally 
smooth plane under the nominal pressure p must obey a relation of the form 


A = n(p/E)™ (7) 
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Fie. 5.—Contact ~ of model rubber surface under 3 different pressures: (a), 2.14 kg/cm?; 
), 7.75 kg/cem?; (c), 66.0 kg/em*. Reduced 0.85 X. 


where the c’s and f’s are constants. A plotted against (p/E) should yield a 
universal curve for rubbers of different stiffness. The coefficient of friction 
derived from Equations (6) and (7) is: 


= 9/EX (8) 


and no longer contains the radius r of the asperities. 
Model experiments on the compression of large hemispheres’ have shown 
that the results fit quite accurately the equation 


A = const. p** (9) 


This simple relation agrees with the theoretical expression derived by Hertz? 
from classical elasticity theory for spherical contacts, Equation (10) 


9 L \2 
when the Poisson ratio has the value $ appropriate for rubber. L is the normal 
load. Equation (10) will be used to define the effective modulus E£. 
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Fra, 6.—Load dependence of the coefficient of rubber friction on plate glass. Full line: theoretical 
curve means of (11) and the model ex: of Figure 5. A to D, dynamic fric- 
tion at 0.00216 cm/sec. E, static friction, Values for A to D from Reference 7, for E from erence 9. 
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The coefficient of friction resulting from Equations (8) and (9) is then: 
= (¢/E)(p/E)-* (11) 


where numerical constants have been absorbed in the factor ¢. 

The asperities on rubber surfaces are, however, not isolated and do not de- 
form independently from each other but will jostle as they barrel out during 
compression. This will cause departure from Equation (11), becoming more 
pronounced as the load increases and the asperities are squeezed into a solid 
block presenting a contact area depending only little on the load. This sequence 
of events has been followed by means of a second model experiment in which 
a square set of 25 small hemispheres was compressed under variable load. 
Figure 5 shows the contact areas under 3 different pressures and demonstrates 
how the asperities at first deform without mutual interference, as is seen from 
the circular shape of their contact areas, but at higher loads close up finally into 
a blunted square pattern with little space left in the interstices. The areas of 
contact under the various loads have been measured, using only theinner 9 hemi- 
spheres as the outer hemispheres are subject to end effects. The area so deter- 


I 
Compound E, kg/om* ¢, kg/om* 


A, unfilled natural rubber 8.88 5.07 
B, unfilled natural rubber 18.3 9.12 
C, unfilled natural rubber 26.9 12.59 
D, natural rubber filled 

with 50 phr HAF black 41.9 10.47 


mined, when divided by the normal load and multiplied with the effective modu- 
lus E of the model, should according to Equation (8) represent a universal curve 


of the product (= u) when plotted against (p/Z). This curve is shown in the 


logarithmic plot of Figure 6. At values of (p/Z) lower than 0.1, the curve has 
been continued as straight line of slope —} well established by the model ex- 
periments with large single hemispheres. This pressure region may be called 
Hertzian region in contrast to the saturation range at higher pressures. 

The experimental points marked in Figure 6 have been obtained on plate 
glass tracks, which may be considered ideally smooth compared with the rubber, 
and show the extent of agreement with the simple theory outlined above. The 
measurements carried out with compounds A to D were determinations of the 
coefficient of dynamic friction, the only arbitrary constant used in fitting the 
points to the curve being the force constant g. Table I gives details of EF and ¢. 

The values for compound £ are coefficients of static friction replotted from 
a curve given by Thirion’. In this case, the modulus was not known and had 
to be adjusted to give best fit. The pressures employed in the dynamic friction 
experiments were not large enough to bring mutual interference of the asperities 
into play and cover only the Hertzian range. The theory is obeyed here until 
low values of (p/E) are reached where the coefficient of friction varies less with 
normal load than expected. Thirion’s static friction values reach well into the 
saturation range and agree with the theoretical curve. Higher pressures have 
been employed by Denny", who investigated the friction of a number of com- 
pounds on polished steel lubricated with olive oil. His results are given in 
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Figure 7 and show that at large normal loads the coefficient of friction is nearly 
inversely proportional to the pressure, in agreement with Figure 6. 

Denny fitted his results to the empirical Equation (12) the type of which had 
first been suggested by Thirion’: 


1/uA = 1 + 15 (p/Eo) (12) 


where A is a material constant (not the area of contact!) and Zo, the compression 
modulus. According to Equation (12) the coefficient of friction becomes con- 
stant at low pressures. 

A serious departure from the theory on the load dependence of rubber fric- 
tion as represented by the full curve in Figure 6 occurs therefore only at low 
loads. It is suggested that this discrepancy arises from the fact that rubber 
asperities, even if they can be approximated to hemispheres, are not identical 
but statistically distributed in size. The influence of this inhomogeneity will 
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Fia. 7.—Coefficients of dynamic friction on polished steel lubricated with olive oil. Full curve cal- 
culated from Equation (12). Figures marked against compounds are BS hardnesses. Velocity 0.01 em/ 
sec. From Reference 10. 


be most pronounced at low normal loads when only the larger asperities are in 
contact with the track because on increasing the load the true area of contact 
increases at a greater rate than with identical asperities. A quantitative esti- 
mate of this effect can be obtained by assuming that the radii of the asperities 
have a distribution function f(r)dr becoming zero for a maximum radius Trmaz. 
At low pressure, where only the largest asperities are involved, the distribution 
function can be replaced by its tangent, say 


S(r)dr = const. (tTmaz — 7) dr (13) 


Assuming, furthermore, the validity of Hertz’s equations both for area of con- 
tact and compression of hemispheres, the calculation has the result that 


Hlow (p/E) = const. (14) 


Archard" has carried out a similar calculation making the assumption that the 
asperities are identical hemispheres evenly distributed on different levels. The 
coefficient of friction is in this case proportional to p~/*. It will be seen there- 
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Fie. 8.—Traces of a blunt point moving downward on two unfilled vulcanizates of natural rubber with 
the following moduli: (a), (b) and (c), 11.5 kg/cem?; (d), 18.3 kg/em*. Normal loads and magnifications: 
(a), “* 30 X; (b), 80 g, 30 X; (c) 80 g, 10 X; (d), 80g, 30 X. Photographs (c) and (d) from Refer- 
ence 13. 


fore that any inhomogeneity of the rubber surface tends to reduce the pressure 
dependence of the coefficient of friction. It should also be borne in mind that 
macroscopically imperfect contact between rubber and track, which may easily 
occur under low loads, will affect the frictional behavior in a similar way. 
This problem will be discussed in more detail when dealing with friction on 
rough surfaces. 

Ratner and Sokolskaya” have suggested the following semi-empirical _rela- 


tion between the coefficient of static rubber friction and normal load L: 
+ A/L* (15) 


where A and yu, are material constants, and A is the Shore hardness divided by 
100. At low loads, Equation (15) gives a load dependence difficult to distin- 
guish experimentally from that given by Equation (14), but at higher loads 
Equation (15) yields, when plotted logarithmically, a curve convex against the 
log L-axis. In this essential respect, Ratner and Sokolskaya’s results differ 
from those obtained by Thirion, Denny and the author. The divergence is con- 
nected with the postulation of a finite coefficient of friction u,, at infinite load, 
put forward by Ratner and Sokolskaya. We shall return to this point at the 
end of Section 8. 


IV. STRESS CONCENTRATIONS ON RUBBER SURFACES 


When rubber slides over a surface with asperities comparable to, or larger 
than those on the rubber local stress concentrations are produced and abrasion 
ensues. In treating this matter, a difficulty arises out of the great variety in 
shape and sharpness of the asperities to be expected on different tracks. In 
general, only small areas of the asperities will impinge on the rubber. It is 
known from solid geometry that a small region of any continuous surface can 
be approximated to an ellipsoid. Employing a sphere as model asperity would 
therefore not seriously restrict generality. When the load on each asperity is 
so high that puncture or appreciable penetration of the rubber occur, a cone 
may be chosen as representative asperity. 
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Following such considerations, model experiments have been made in which 
rubber surfaces were scratched by a small hemisphere (1 mm diameter) and by 
a needle“ under controlled conditions. Provision was also made for recording 
the instantaneous tractive forces. 


Fra. 9.—(a). Photoelastic picture of stress distribution in rubber under 
tangential traction of frictional glider. From Reference 13. 


Fie. 9.—(b). Theoretical stress distribution pootuoed by a line force on 
the edge of a semi-infinite soli 
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Examples of traces left by the blunt point on two different compounds are 
shown in Figure 8. These photographs have been taken with oblique illumina- 
tion from the right-hand side; the direction of sliding is downward. On the 
softer of the rubbers hardly any surface damage is created under a load of 25 g 
(a) but under 80 g a discontinuous trace is produced consisting of lateral tears 
across the track, one of which is seen in Figure 8(b). Figure 8(c), showing-the 
same trace at lower magnification, demonstrates the periodic nature of the 
surface damage which has been attributed to a stick-slip mechanism. The 
rubber adheres frictionally to the hemispherical point and is locally teased out 
in the direction of sliding until the elastic restoring force exceeds limiting fric- 
tion and the rubber snaps back. The trace on the harder compound, Figure 
8(d), is similar in type but the tears are shallower, less regular and more closely 
spaced. It has not been possible to produce significant surface damage on 
carbon-loaded tire tread compounds under the conditions of these experiments. 

The stress distribution producing tears like those shown in Figure 8 has been 
studied by investigating photo-elastically the stresses around the area of contact 
in the 2-dimensional analogon, employing a cylindrical slider on transparent 
rubber’, The result is shown in Figure 9(a). It will be seen that there is a 
stress concentration at the rear of the area of contact, as indicated by the close 
spacing of the isochromatics in that region. This stress concentration, occur- 
ring near a free surface, must be predominantly tensile in character. Any 
failure due to frictional stress would therefore be expected to consist in opening 
of tears behind the slider at right angles to the direction of sliding, as confirmed 
by the experimental evidence. 

The stress distribution of Figure 9(a) conforms qualitatively to classical 
theory. In plane strain a line force acting under any angle on the surface of a 
semi-infinite solid produces a pure radial stress distribution® 
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where p is the distance from the point of application and 0 is the angle between 
pand the load L. The lines of equal stress are circles symmetrical to ZL and 
passing through the point of application. Figure 9(b) reproduces this stress 
distribution for a coefficient of friction of 2; there is a striking similarity be- 
tween Figures 9(a) and (b). 

Whether the stress concentration behind the slider reaches a critical value 
or not depends, other things being equal, on the bulk deformation produced by 
the slider, that is to say, on the relative magnitude of friction and stiffness. 
This may conveniently be expressed by the ratio g¢/E. The absence of tears 
from the trace of the blunt point on the stiff tire tread sample is therefore not 
necessarily due to any superiority in tensile strength over that of a pure gum 
but may result from its higher modulus. 

When rubber is scratched with a needle“ the tractive forces are larger than 
in the case of a blunt point because of mechanical entanglement between rub- 
ber and needle. An important consequence of this difference is that surface 
damage caused by the needle can be more severe than blunt-point damage and 
lead to actual detachment of rubber particles; that is to say, the needle can 
effect primitive abrasion in its first passage over the rubber and therefore take 
the surface damage one step farther than the blunt point. Whether this occurs 
or not depends on the mechanical strength of the compound. 
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Fig. 10.—Needle traces on 3 different vulcanizates of natural rubber. (a), unfilled, FE =11.5 kg/cm?, 
load 80 g, magn. 13 X; (b), unfilled, 2 =18.3 kg/cm?, load 50 g, magn. 30 X; (c), filled with 50 phr MPC 
black, load 80 g, magn. 30 X. Photographs (a) and (b) from Reference 14. 


A needle trace on the softer of the two unfilled vulcanizates of Figure 8, 
shown in Figure 10(a), is very similar to that left by the blunt point; the tear 
resistance of this compound is quite high and amounts to 7.12 kg/cm as defined 
by Rivlin and Thomas'®. The harder unfilled vulcanizate of Figure 8(d) has 
the lower tear resistance of 4.56 kg/cm; as seen from Figure 10(b) the needle 
here tears out elongated grooves, the trace giving the impression of an incipient 
scoring mark. The formation of these grooves is explained by the sketch in 
Figure 11. The family of curves shown are originally equidistant reference 
lines marked on the surface of the rubber at right angles to the direction of mo- 
tion. Their subsequent distortion indicates the strain distribution around the 
entangled needle. Although the stress concentration is highest in front of the 
needle, no cutting occurs here because failure is prevented by frictional adher- 
ence around the circumference of the needle. The rubber tears instead where 
it first loses contact with the needle, the tears proceeding roughly at right 


Fra. 11.—Diagrammatic sepeene resentation of two stages in the deformation of a rubber surface 
by a needle. shaded circle is the cross section of the needle. 
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angles to maximum stress, along the dotted lines. After the needle has passed 
and the rubber relaxes, the region around the tears turns back through almost 
90° and thus gives rise to the grooves seen in Figure 10(b). It may be men- 
tioned in passing that this interpretation of needle traces provides also the rea- 
son why it is difficult, if not impossible, to cut soft rubber cleanly with a dry 
knife blade. 

The needle trace on a reinforced compound shown in Figure (10c) differs 
from all other traces in being continuous but is otherwise similar to that shown 
in Figure 10(b). It has been pointed out in the original publication" that a 
needle trace will be continuous when the ratio of elastic to frictional forces ex- 
ceeds a certain critical value. 

The exceptional behavior of reinforced rubber both with regard to blunt- 
point and to needle traces has been attributed to their greater stiffness. It 
would, however, be premature to draw conclusions from these model experi- 
ments as to the abrasion resistance of filled rubbers. The reason why the results 
cannot be applied without provisos will be discussed in the following section. 


V. THE SURFACE CONDITION OF ABRADED, 
FILLED RUBBER COMPOUNDS 


Fillers increase the stiffness of rubber in various degrees depending on quan- 
tity and quality of the fillers, the best known of which are carbon blacks. What- 
ever the filler, most of the stiffening is lost by previous deformation. The phe- 
nomenon has been studied by Mullins'® and more recently by Mullins and 
Tobin'’. Once a filled compound has been prestressed, its modulus is lower 
than that of the virgin material at all stresses lower than the prestress. The 
absolute value of the modulus and the stress-strain curve of prestressed filled 
rubber resemble those of unfilled rather than filled compounds. If the abrasion 
process goes hand-in-hand with the continuous production of large local stresses 
of the kind suggested by the scratching experiments, the effective stiffness of 
the surface of filled rubbers should be affected in a similar way. It has there- 
fore been assumed!® that the surface of abraded filled rubber compounds is 
covered by a thin, constantly renewed skin the elastic properties of which are 
not materially different from those of unfilled vulcanizates. For this reason, 
it would not be appropriate to equate the stiffness effective in the abrasion mech- 
anism with the conventionally determined stiffness of fresh samples. 

The existence of the top layer on abraded samples has been demonstrated 
by means of another prestressing phenomenon which in carbon black-filled 
compounds runs parallel with the softening effect. Black-filled compounds 
when new have a relatively low electrical resistance which, however, increases 
rapidly on deformation. This effect has been interpreted as being due to the 
breakdown of an originally existing carbon-black structure. The postulated 
soft skin on abraded black-filled rubbers should therefore also be distinguished 
by high electrical resistance. Experiments! have been made in which both new 
and abraded samples slid over a smooth and metal track while the resistance be- 
tween track and sample was determined. The result of measurements carried 
out with a typical tire tread compound of natural rubber filled with 50 phr of 
HAF black at two low-frequency alternating voltages is shown in Figure 12, 
where impedance is given as function of the sliding time. The impedance of the 
new sample rises sharply on setting the apparatus in motion and reaches a 
steady-state value about four times higher than the original figure. There is no 
significant difference between the impedances at the two different frequencies. 
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After abrasion, the impedance has become frequency-dependent and its equilib- 
rium value has, compared with the fresh sample, risen about 6.5 times at 110 
sec, and about 26 times at 21 sec™. 

The initial increase of the impedance of the fresh sample is due to deforma- 
tion of the rubber asperities which are sheared during sliding. The frequency 
dependence of the impedance after abrasion indicates that the current through 
the sample has a large capacitive component. The interpretation of this result 
is that structure breakdown in the surface layer has gone so far that the filler 
particles are almost completely isolated from each other. The layer has, for 


21 c/sec 


21 ¢/sec, 10 ¢/sec (a) 


10 20 


Minutes 


Fig. 12.—-Impedance changes during sliding of a carbon black-filled natural rubber vulcanizate plotted 
soynet sliding time. (a), new sample; (b) and (c), abraded sample. Velocity, 0.00216 c/sec. From 
erence 19. 


practical purposes, become a dielectric. That this effect is really due to changes 
in the surface and not in the bulk of the sample can be shown in the following 
way. 

If, instead of applying an alternating voltage, a direct voltage is connected 
across the sample, the direct current voltage drop is concentrated in the surface 
skin and, the layer being thin, should produce a high electric field strength. 
This, in its turn, should give rise to electrostatic attraction between sample and 
track, increase the normal load and therefore also the frictional force. This 
expectation has been borne out by experiment as can be seen in Figure 13. 
Moderate voltages suffice to increase the frictional force considerably, thus 
giving independent proof of the existence of an inhomogeneous layer on top of 
the sample. The time effects shown in Figure 13 are discussed in the original 
publication. 

An estimate for the thickness of the layer can be obtained from the increase 
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in frictional force under the influence of the applied d.c. potential difference if 
an assumption is made on the dielectric constant of thelayer. The calculation 
has shown that the order of magnitude of the layer is 10~* cm. 


VI. INTRINSIC ABRASION 


To judge from the preceding section, no distinction need be made between 
filled and unfilled rubbers if a picture of the abrasion mechanism is deduced from 
our scratching experiments. The qualitative difference in surface damage on 
filled and unfilled compounds observed during that investigation can be at- 
tributed to the fact that it was carried out with samples which had undergone 
no prestressing effects. 


Minutes 


Fia. 13.—The effect of d.c. potentials on the frictional force of an abraded, carbon 
black-loaded sample. Abscissa, sliding time. From Reference 19. 


Bearing these considerations in mind, a theory of abrasion” has been built 
up on the results illustrated by Figure 8. It has been assumed that tears across 
the path of track asperities are the first and, at the same time, rate-determining 
stage in the abrasion process, the detachment of the abraded particle during 
subsequent passes of the abrasive over the tear being governed by a mechanism 
similar to that discussed in connection with Figure 11. The volume of the 
abraded particle has been taken to be proportional to the cube of the length of 
the original tears. Inspection of the photographs in Figure 8 indicates that 
these tears are of the same order of magnitude as the width of the trace. It 
has therefore been assumed that length of tear and diameter of the area of con- 
tact are proportional to each other so that it only remains to determine the area 
of contact under various conditions. Model experiments in which a number 
of compounds have been indented by a large sphere have shown that the diam- 
eter of contact a follows to a good approximation the cube root law 


a = const. (16) 


which has also been found valid for the compression of rubber spheres. It fol- 
lows from Equation (16) and dimensional considerations that the abrasive wear 
W per unit area of sample should be given by Equation (17): 


W = const. r(p/E) (17) 
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where r is the radius of curvature at the tip of the abrasive grain. According 
to Equation (17), rubber abrasion should increase linearly with increasing 
normal load. 

When attempting to verify experimentally a theoretical load dependence of 
rubber abrasion,.care must be taken to avoid contamination of the track by 
impurities issuing from the rubber. As in the case of friction experiments pre- 
viously referred to, this can be achieved by acetone-extraction of the samples. 
The erratic nature of the results obtained otherwise is illustrated by Figure 14. 
Two tire tread samples of natural rubber one of which had been extracted, were 
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Fro. 14.—Variations in the rate of abrasion of a not-extracted and an extracted natural rubber vul- 
on filled with 50 phr MPC black when using repeatedly the same silicon carbide track (length, 
c 


repeatedly abraded each on its own track of 60 cm length. Under a load of 
2.14 kg, the rate of abrasion of the extracted sample remained reasonably con- 
stant but the rate of the not-extracted sample decreased steadily to very low 
values. The track became progressively darker in the process. Under the 
higher load of 8.14 kg. the rate of abrasion of the extracted sample decreased 
slightly but the abrasion of the not-extracted sample increased considerably, 
while a gradual clearing of this track was observed. In this latter case the 
sample appeared to function like a rubber eraser. In general, it has been found 
that contamination of the track becomes progressively more serious with de- 
creasing rate of abrasion. It also tends to be more troublesome with synthetic 
than with natural rubber. 
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The results given in Figure 15 have been obtained with flat extracted and 
vacuum-dried samples on fresh abrasive (Garnet paper with a mean grain size 
of 0.13 mm). Furthermore, the direction of abrasion was reversed after each 
run of 64 cm in order to prevent the formation of socalled abrasion patterns 
which are the subject of the following section. Abrasion taking place under 
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Fie. 15.—Intrinsic abrasion plotted against normal pressure. Co ge lene (“Cold r 
ber’’) filled with 50 = HAF black; B to D, natural Falher filled with: 50 -t Aude black; C, 75 4 
fine thermal black; D, 130 phr Pattinson’s activated CaCOs. Velocity, 0.66 cm/sec. From Reference 13. 


these conditions will be called “intrinsic” abrasion. Figure 15 shows that the 
proportionality of intrinsic abrasion and normal load given by Equation (17) 
is confirmed by experiment. 

Equation (17) predicts also that abrasion should be proportional to the 
radius of curvature of the grain but independent of its size. Two distinct 
possibilities arise here. In the case of polyhedral grains of different grade there 
is no a priori reason why the sharpness of the corners should be affected by their 
size so that abrasion should be independent of the coarseness of the abrasive. 
This conclusion has been tested by carrying out abrasion experiments on garnet 
papers of different grades; the result is given in Table II. 
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Tasie II 
ABRASION IN 107° cm*/M, cM? ON GARNET PAPER OF 
DIrFERENT COARSENESS (FROM REFERENCE 13) 
Grain size, mm 0.13 0.29 0.63 
A. 


A... 


Normal pressure, kg/cm* 0.53 1.84- 0.53 1.84. 0.53 1.84 


Natural rubber with 

50 phr HAF black 1.60 6.09 1.76 6.82 1.81 8.97 
Natural rubber with 75 phr 

fine thermal black 2.00 10.05 2.97 12.05 3.23 13.70 
Krylene with 50 phr HAF 

black 1.43 5.96 1.83 7.50 2.11 10.10 


Table II shows that while abrasion is not strictly independent of the coarse- 
ness of the abrasive, an almost fivefold increase in grain size leads in the worst 
case to no more than 70% increase in abrasion. 

In contrast to polyhedral grains, wear on abrasive surfaces which can be 
approximated to close-packed spheres should be proportional to the grain size. 
Such abrasives are not available but road surfaces may fall into this category. 
A few experiments have been made on concrete roads of different roughness 
and it has been found that in this specific instance abrasion on a coarse track 
was almost four times higher than on a smoother track. Although it was not 
possible to make a quantitative comparison between the two roughnesses, the 
result confirms that the laws of abrasion depend in part on the nature of the 
track. 

The tests of the theory of intrinsic abrasion discussed so far concern only 
the influence of external parameters on the rate of abrasion. An important 
test of any theory must be whether it allows the relative intrinsic abrasion re- 
sistances of any two compounds to be predicted from their physical properties. 
In this respect only broadly qualitative relations have been ascertained up to 
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Velocity , cm/sec 
Rate, sec-' 
Fie, 16,—Logarithm of the intrinsic abrasion resistance in mg™ plotted against sliding velocity, and 


logarithm of tensile strength in kg/cm? plotted ogpinss rate of elongation of an unfilled GR-S vulcanizate. 
Full points: intrinsic abrasion resistance (a.r.). Tensile strength data from Reference 21. 
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now. It has been pointed out in section IV that the original tears assumed to 
be the dominant factor in abrasion resistance are due to tensile failure. Abra- 
sion should therefore increase with decreasing tensile strength. According 
to Equation (17), abrasion should also increase with decreasing stiffness. It is 
interesting to note in this context that in empirical attempts” to correlate ab- 


Fic. 17.—Abrasion patterns on two different carbon black-filled vulcanizates of natural rubber. (a) 
and (c), 45 phr HAF; (b) and (d), 25 phr HAF. Tracks: (a) and (b), fine tarmac; (c) and (d), coarse 
concrete. irection of abrasion upward. Magn. 10.8 X. 


rasion with physical properties it has been found possible to establish correlation 
equations of the type 


W = ao + a X Shore hardness + az X tensile strength 


where do, a; and da» are constants. Statistical work of this kind does not, of 
course, involve a physical picture of the abrasion process. 

In assessing relative abrasion values from tensile strength and stiffness, two 
qualifications must be taken into consideration. The stiffness operating in 
abrasion is that of the highly prestressed top layer which is lower than that of 
the bulk material. Secondly, because of the small scale of the elementary 
abrasion process the local rates of elongation are very high. If for example 
the contact area between abrasive grain and rubber is about 1/100 mm in diam- 
eter, a sliding velocity of 1 cm/sec will give a rate of extension-to-break of 
about 100,000%/sec. At such rates, tensile strength may appreciably differ 
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from that determined by conventional methods. Greensmith* has recently 
studied the variation of tensile strength with rate of elongation of rubber com- 
pounds and has found that the tensile strength of unfilled GR-S increases pro- 
nouncedly with increasing rate of elongation. This compound offers therefore 
an opportunity to investigate the connection between tensile strength and 
abrasion on one and the same compound by carrying out abrasion experiments 
at varying velocity. The result of such measurements and Greensmith’s data 
are given in Figure 16. In the 1000-fold range of velocities covered, tensile 
strength as function of rate, and intrinsic abrasion resistance (assessed here as 
the reciprocal of abraded weight for a given track length) as function of velocity 


25 5.0 7.5 10.0 m 


Fie. 18.—Rate of abrasion of an unfilled vulcanizate of natural rubber plotted against distance travelled. 
(a), sample abraded in constant direction; (b), direction of abrasion changed by 90° every 50cm. Track: 
silicon carbide cloth. From Reference 18. 


obey the same power law within the limits of experimental error. This result 
appears to be confirmatory evidence for the close connection between tensile 
strength and intrinsic abrasion. 


VII. THE ABRASION PATTERN 


When rubber is abraded without change of direction, sets of parallel ridges 
are often found on the surface of the samples at right angles to the direction of 
motion which have been called “abrasion patterns’’®. Four examples are 
shown in Figure 17. These particular photographs have been obtained during 
experiments carried out under laboratory conditions on actual road surfaces, 
where for reasons to be discussed presently the phenomenon is more readily 
produced than on commercial abrasives. Another advantage of working on 
road surfaces is that the need for extraction is largely obviated since road dust 
prevents the worst effects of smearing. The action of the dust is not under- 
stood in detail but appear to be similar to that of pounce. 

Figure 17 exhibits clearly two of the relevant characteristics of abrasion 
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patterns. Their intensity increases with increasing coarseness of the track, 
and it also increases with decreasing stiffness of the compound. A third, and 
possibly the most important property of abrasion patterns is that they increase 
the rate of abrasion. This has been shown by the following experiment. Two 
samples of the same compound were abraded on the same track but only one 
was allowed to develop a pattern. On the other sample, formation of pattern 
was prevented by periodically changing the direction of abrasion by 90°. In 
other words, the comparison sample underwent only intrinsic abrasion. The 
rates of abrasion in the two series of measurements are shown in Figure 18 as 
function of the length of the abrasive path. As seen from Curve (a), the rate 
of abrasion at constant direction increases for a considerable time before be- 
coming constant and the pattern has fully developed. In intrinsic abrasion, 
Curve (6), only little change occurs in the intial stages of the experiment and 
the final value of the rate of abrasion is lower than that of the sample on which a 
pattern has formed. 


ABRASION 


(b) 


Fic. 19.—Profiles of abrasion patterns: (a), unfilled vulcanizate of natural rubber, abraded under 1.6 
kg/cm? on silicon carbide cloth, magn. 5 X; (b), worn tire surface, horizontal magn. 30 X, vertical magn. 
42.5 X. From Reference 18. 


The explanation of the additional wear caused by abrasion patterns emerges 
from an examination of their profiles. Cross sections through two different 
abrasion patterns are reproduced in Figure 19 and show, first of all, that the 
phenomenon as it occurs on tires resembles in all essentials its laboratory-pro- 
duced counterpart. The saw teeth seen in both profiles point against the di- 
rection of abrasion. When moving over track or road, they are bent backward, 
thus exposing their underside to abrasion and protecting from abrasion part of 
the surface in their rear. This gives rise to the peculiar ‘undercutting effects. 
The teeth wear progressively thinner until the crests are bodily torn off leaving 
blunt edges, some of which are seen in Figure 19. In the meantime, the ridges 
continue to grow out of the underlying bulk material and the pattern is to a 
certain degree self-perpetuating. When keeping a pattern under observation 
during an abrasion experiment, it is found that it maintains its general con- 
figuration for short times but moves as a whole across the surface in the direction 
of abrasion'*. The reason is that the attack of the abrasive on the rubber has, 
as it were, a forward component. 

Because of the great difference in scale between the size of the particles com- 
ing off in intrinsic abrasion and the almost macroscopic size of the crests seen in 
Figure 19, the additional volume loss due to abrasion patterns can constitute a 
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Taste III 


Ratio, IN %, OF THE ABRASION OF A NATURAL RuBBER ComMPOUND 
Fintep witH 25 por HAF Buiack To ABRASION OF A 
CompounD 45 por HAF 
ON DirrERENT Tracks (SEE Ficure 17) 


Intrinsic abrasion 100 
Fine tarmac 114 
Coarse concrete 135 


significant proportion of the total abrasive wear. This contribution to abrasion 
will be referred to as ‘pattern abrasion” 

As different compounds have different propensities to pattern formation, 
the relative abrasion rating of given rubber samples depends, in the presence of 
abrasion patterns, on the intensity of the patterns, and no generally valid figure 
can be assigned to it. A rating can be quoted only for a given test or for given 
conditions of wear. This is clearly shown by the relative abrasion figures ob- 
tained for the two samples shown in Figure 17. The intrinsic abrasions of these 
compounds are very nearly equal but once a pattern has developed on them, 
the abrasion of the softer compound is higher than the abrasion of the harder 
compound, as shown in Table III. 

With equally developed patterns, the relative rates of pattern abrasion may 
be expected to depend on the mechanical strength of the rubber. Comparison 


(f) 


20.—Abrasion patterns on vulcanizates filled with 50 phr HAF black. (a), (b), and (c), natural 
BP (d), (e) and (f). GR-S aps pre 4). Tracks: =) and (d), ae tarmac; (b) and (e), concrete; (c) 
and (f), coarse tarmac. Direction of .brasion, upwa Magn. 10.8 x. 
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with experimentally determined strength data should in principal be easier here 
than in the case of intrinsic abrasion since the larger scale of the phenomenon 
reduces the rates of strain by several orders of magnitude. An example of 
similar-sized patterns giving different relative rates of pattern abrasion is pro- 
vided by carbon black-filled compounds of natural rubber and GR-S. Abra- 
sion patterns produced on these compounds when sliding over different road 
surfacings are shown in Figure 20. This set of photographs indicates certain 
differences in the appearance of the abraded surfaces which may be due to 
different mechanisms of failure operating on the two compounds. 
The corresponding relative abrasions are given in Table IV. 


Tasie IV 


Ratio, in %, oF THE ABRASION OF A GR-S (Kry.ene) Com- 
POUND FILLED witH 50 pHR HAF Back To THE ABRASION 
oF A NATURAL RuBBER CoMPOUND FILLED witsH 50 PHR 
HAF Buiack on Dirrerent Tracks (SEE Figure 20) 


Intrinsic abrasion 94 
Fine tarmac 107 
Concrete 117 
Coarse tarmac 138.5 


The mode of mechanical failure in pattern abrasion has not yet been defi- 
nitely established but is thought to be intermediate between tensile break and 
tear propagation. The tensile strength of the GR-S mix is slightly lower than 
that of the natural rubber compound, the values being respectively 222 kg/cm? 
and 241 kg/cm?. As for the resistance to tear propagation, the author has 
carried out a few measurements under the following conditions. A “simple 
extension” (‘‘trousers’’)'® tear testpiece was periodically loaded with an ade- 
quate weight until the sample was torn through. The number of cycles nec- 
essary to achieve this was taken to be a measure of resistance to tear propaga- 
tion. The samples were 1 mm thick and 2.54 cm wide, the weight was 414 g 


TABLE V 
NuMBER or CycLes To FarLurE IN TEAR PROPAGATION 


Natural rubber GR-S (Krylene) 
filled with 50 phr HAF filled with 50 phr HAF 


Sample No. 1 7800 1420 
2 9120 48 
3 8760 117 
4 8920 2040 
Mean 8650 922 


and the period of the loading cycle 0.82 sec. When starting the tear, the load 
was applied for 0.36 sec during each cycle but this time decreased to about 0.14 
sec when the tear was completed. Table V gives the results obtained with the 
two compounds referred to in Table IV. The total length of the tear was 10.5 
mm. 
In spite of the considerable scatter of the GR'§ values, the better resistance 
to tear-propagation of natural rubber under the conditions of this experiment 
appears to be well established. No general applicability is claimed for the par- 
ticular numerical values in Table V, but it will be seen that the observed differ- 
ence in pattern abrasion on natural rubber and GR-S compounds agrees qualita- 
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tively with the differences in mechanical strength thought to govern pattern 
abrasion. Similar results have been obtained with other synthetic rubbers. 

A simple theory of abrasion patterns has been developed in close connection 
with the theory of intrinsic abrasion. The profiles of abrasion patterns shown 
in Figure 19 make it clear that the phenomenon must begin with part of the 
abraded rubber surface being pulled out and elongated in the direction of abra- 
sion. It has been suggested that this initial step is facilitated by lips of the 
type seen in Figure 8(b) which are thrown up behind tears across the track of 
an abrasive grain. Because of inhomogeneities of the material or because of 
high pressure exercised by exceptionally tall grains, some of these tears and lips 
will be larger than the average. As the abrasive passes over the lips and 
stretches them out they will cover one or more tears in their rear and protect them 
from further damage before the lips retract. Thus a linear periodic structure 
is initiated which, however, does not yet constitute an abrasion pattern because 
of the lack of lateral alignment. When abraded rubber surfaces are examined 
during early stages of pattern development, such incipient formations are in- 
deed observed as shown in Figure 21(a). These fragmentary abrasion patterns 


Fie. 21.—Development of an abrasion pattern on an unfilled vulcanizate of natural rubber. Track: 
1 5 ace Distance travelled: (a), 120 cm; (b), 180 em; (c), 240 em; (d), 420 em; (e), 720 cm; Magn. 


must be expected to migrate across the surface in the same way as complete 
patterns but the rate of migration is subject to random effects and occasionally 
two ridge segments come abreast and line up with respect to each other. The 
development of the pattern is therefore a relatively slow process; its growth is 
illustrated by the remaining photographs in Figure 21. 

For this mechanism to function, the stiffness of the rubber must be low 
enough to allow elongation of sufficient magnitude to occur under the tangential 
stress produced by the asperities of the abrasive. The original modulus of 
filled compounds of the tire tread type is too high for this purpose and a pattern 
develops on such samples only after a softened top layer has been created by 
prestressing. If the rate of abrasion is high, this surface skin is worn away as 
soon as formed, and it becomes difficult to produce an abrasion pattern under 
these conditions. This point is illustrated by Figure 22. A typical tire tread 
compound of natural rubber was abraded under otherwise identical cireum- 
stances on garnet and emery paper. Abrasion on the garnet being rapid, only 
vestiges of an abrasion pattern are formed, whereas a pronounced pattern de- 
velops on the blunter emery paper. Similar effects have been observed when 
comparing rubber surfaces abraded on fresh and repeatedly used specimens of 
the same abrasive. This is also one of the reasons why abrasion patterns form 
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with greater ease on road surfacings with their low rate of wear than on com- 
merical abrasives. 

Another reason for restricted development of patterns on abrasives is that 
when the ridges become comparable in size with the dimensions of the abrasive 
grain, the shape of the grains becomes important. In the case of filled rubbers 
there is a tendency for the abrasive particles to plough through the ridges and 
produce scoring marks. This effect is shown by the photographs in Figure 23 
which are two pictures of the same abraded rubber surface; the only change 
made when taking the photographs was to alter the incidence of the illumina- 
tion. In case (a), the light was parallel to the direction of abrasion and shows up 
a well defined if not very intense pattern; in case (b), where the light was at 
right angles to the direction of abrasion, only scoring marks are seen. Because 
of the lack of continuity in the ridges, such a pattern may be called a “‘pseudo- 
abrasion pattern”. In general, no scoring marks can be discovered on road- 
abraded rubber surfaces. 


Fie. 22.—Surface of a natural rubber vulcanizate filled with 50 phr HAF black abraded: 
(a) on garnet paper; (b), on emery paper. Magn. 10.8 X. From Reference 22. 


In the previously published theory of abrasion patterns” it has been as- 
sumed that their spacing depends only on the size of the lips from which they 
originate. This lip being solely determined by the length of the tear, it has 
been deduced that the spacing s, is given by Equation (18): 


p 1/3 
8» = const. (Z r #) (18) 


where r is the radius of curvature of the abrasive grain at the point of contact 
and d, the size of the grain. Equation (18) has been tested both as to load and 
grain-size dependence by experiments on a commercial abrasive (garnet paper) 
and has been found to represent the experimental findings remarkably well. 
Figure 17 shows, however, that Equation (18) will not adequately descrieb 
patterns produced on road surfaces. 

The difference in the spacings of the pattern on the two compounds of differ- 
ent stiffness shown in this figure is larger than predicted by Equation (18) ac- 
cording to which the spacing should be proportional to the inverse cube root of 
the modulus. The ratio of moduli of these 2 rubbers is 1.85, giving a theoreti- 
cal ratio of spacings equal to only 1:1.225. The difference in stiffness of the 
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Fia. 23.—Surface of a natural rubber vulcanizate filled with 50 phr HAF black abraded on garnet paper 
(9), parallel to the direction of abrasion; (b), at right angles to the direction ofabrasion. Magn. 


abraded surfaces will actually be even smaller than 1.85 because of prestressing 
effects. 

It is suggested that on road surfaces or generally on abrasives with grains 
of large radius of curvature the asperities instead of cutting through the ridges 
glide over them and elongate them by friction. The spacing is then determined 
by the equilibrium of frictional and elastic restoring forces. It is shown in the 
next section that the frictional force Fy of a spherical grain with the diameter 
d is given by the Equation (20) 


F; = const. ¢ (p/E)*”* 


Assuming, furthermore, Hooke’s law to hold for the local elongation, the re- 
tractive force F, must be given by a relation of the form 


F, = const.sa E 


where s is the spacing and a, the diameter of the area of contact. Substituting 
for a from Equation (16) and equating F; and F, results in the following ex- 


pression for the spacing: 


5/9 
= const. £ d (2) (19) 


where d is the diameter of the close-packed spherical abrasive grains. This 
equation gives a stronger dependence of the spacing s on both modulus and 
pressure than Equation (18), but in practice it is difficult to draw a sharp 
dividing line between the two cases, as is seen from the experimental results 
given in Table VI. 

In this table, r, is the ratio of the spacings at the two pressures. Its theo- 


Taste VI 
SpacinGs oF ABRASION PATTERNS PropucED oN Tarmac. NATURAL 
RvuBBER VULCANIZATES FILLED wiTH CARBON BLACK 
Spacing (mm) 


‘Filler content Filler content 
25 phr HAF 45 phr HAF 


Pressure, 0.66 kg/cm* 0.260 0.155 


Pressure, 2.68 kg/cm? 0.470 0.212 
1.80 1.37 


1009 
4 
(a) (b) 
4 
8 
= 
a 
Te = 
s 


RUBBER CHEMISTRY AND TECHNOLOGY 


VII 
CoEFFICIENT OF FRIcTION ON GRoUND Giass (FROM REFERENCE 24) 


Diameter of silicon carbide grain, mm Plate glass 0.042 0.067 0.141 
Coefficient of friction 1.79 1.48 1.36 1.21 


retical value is, according to Equation (18), (2.68/0.66)'/? = 1.595, and accord- 
ing to Equation (19), (2.68/0.66)° = 2.18. The ratio of the spacings on the 
two compounds is r,. Assuming, as a guide, that the ratio of the moduli is 
1.85, r. is, after Equation (18), (1.85) = 1.225 and after Equation (19), 
1.35 = 2.604. It appears therefore from the limited experimental evidence 
that the influence of the frictional force on the development of patterns gains 
in importance as the stiffness decreases and the pressure increases. 

It should finally be mentioned that abrasion patterns can have considerable 
diagnostic value when determining the mode of wear taking place under condi- 
tions not accessible to direct observation. This applies particularly to tires 
where the relative motion between tire and track can be deduced from abrasion 
patterns*. 


VIII. FRICTION ON ROUGH SURFACES 


Abrasion of rubber as envisaged in the preceding sections is a consequence 
of local frictional stresses set up by the asperities of the track and does not, in 
contrast to solid friction, react on the frictional forces. Friction on rough sur- 
faces can therefore be treated by methods similar to those employed for friction 
on smooth surfaces, without regard being paid to any mechanical failure ensuing 
in the wake of the track asperities. 

No calculation is necessary to see that the coefficient of friction is lower on a 
rough than on a smooth surface because of the smaller area of contact. This is 
shown by the following data obtained with an extracted sample of a natural 
rubber tire tread compound on glass ground with silicon carbide of different 
grade. 

The essential difference between rubber friction on smooth and rough sur- 
faces lies, however, in their load dependence. The reason for this divergence 
is that on a rough track both the true and the apparent area of contact depend 
on the load. A quantitative estimate of the effect can be derived from the 
model employed in the theory of intrinsic abrasion. The tips of the track 
asperities are again taken to be spherical and large compared with the rubber 


-04 -Q2 0 02 O04 06 08 “10 
P 


« Fre. 24.—Logarithms of coefficients of friction on silicon carbide paper, grade 180, plotted 
ogarithm of normal pressure. (a), unfilled vulcanizate of natural rubber; (b), vulcanizate of nat 

ber filled with 50 phr HAF black; (c), vulcanizate of GR-S (Krylene) filled with 50 phr HAF black. Velon 
ity, 0.00212 cm/sec. 


i 

a 
2 

2 

t 


FRICTION AND ABRASION 1011 


asperities. Gross deformation of the rubber by the track asperities is assumed 
to obey Hertz’s equations for spherical contacts, and the true area of contact 
contributed by each rubber asperity to be proportional to (p,/E)**, where p, is 
the local pressure. The calculation has the result that the frictional force pro- 
duced by a track asperity is 


Fy, = (20) 
and 


u = const. (r/d)?* (p/E)~ (21) 


where r is the radius of curvature and d, the size of the track asperities. The 
relation (21) was first proposed in a slightly different form by Lincoln”. 


Fic. 25.—Frictional force during start of motion. The amplitude of the envelope is a measure of the 
tangential force. Normal pressure, 1.28 kg/em*. (a), unfilled vulcanizate of natural rubber; (b), natural 
rubber filled with 50 phr HAF black. 


Fie. 25.—(c), vulcanizate of GR-S (Krylene) filled with 50 phr HAF black; (d), as (c), but sample loaded 
with 2.23 kg/cm! for 5 minutes before the experiment. Track: garnet paper, grain size 0.29 mm. 


Equation (20) has been confirmed experimentally"}with a number of com- 
pounds at pressures up to about 2.5 kg/em?. Figure 24 gives the coefficient of 
friction of three different compounds on silicon carbide paper at pressures up to 
nearly 10 kg/cm’. At higher pressure, Equation (21) fails, the coefficient of 
friction decreasing more rapidly with increasing pressure than predicted. The 
reason for this discrepancy is in all probability a saturation effect similar to that 
demonstrated in Figure 5 for the case of flat contacts. In addition to mutual 
interference between rubber asperities, saturation can here be produced by the 
rubber filling the gaps between the track asperities (Denny”). 
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It is at times observed that the force necessary to start a sample on a rough 
track is greater than the force of dynamic friction sufficient to keep it in motion. 
This phenomenon of “‘starting friction’ has been investigated in a number of 
experiments. The time dependence of the tangential force was recorded during 
the starting period, the deflection of the dynamometer having been converted 
into the out-of-balance current of a 2000 sec alternating current bridge. Rep- 
resentative results are the oscillograms in Figure 25, which show the envelope 
of the out-of-balance current as function of time (from left to right). With the 
unfilled natural rubber vulcanizate (a), the force rises monotonously until the 
sample begins to move and the force becomes constant, but when the compound 
is filled with 50 phr HAF black (b) the frictional force passes through a slight 
maximum at the start. This effect is more pronounced with the black-filled 
GR-S compound (c). The transition from rest to motion is here accompanied 
by a vibration which takes some time to die out. The excess of starting friction 
over dynamic friction increases with the time the sample has been in contact 
with the track. It can also be increased by keeping the sample under a high 
load before starting the experiment, as shown by the oscillogram Figure 25(d). 
Table VIII gives typical numerical results. 


Tasie VIII 


Excess oF STaRTING Friction Dynamic Friction ON GARNET 
Paper, GRAIN 0.29 mm, NorMau Pressure, 1.28 KG/cm?* 


os. Nat. The same, after The same, after 
rubber Nat. rubber 90 min Krylene, 5 min under 

Compound no filler 50phrHAF underload 50phrHAF 2.23 kg/cm? 

; Excess, % 0 7.1 15.5 33.3 57.8 


Noticing the absence of the effect in unfilled natural rubber, the conclusion 
drawn from these results is that starting friction on rough surfaces is due to 
plastic deformation of the sample by the track asperities, producing permanent 
set. At the beginning of movement, work must be done in deforming the rub- 
ber which has sagged down into the interstices between track asperities. In 
practice, starting friction will be difficult to distinguish from static friction, and 
it is possible that the finite coefficient of static friction at infinite normal load 
found by Ratner and Sokolskaya” is a mechanical hindrance effect similar in 
character to starting friction. It is interesting to note in this context that in a 
recent publication’® Ratner and Lavrent’ev have independently demonstrated 
the difference between starting friction and static friction. 

The occurrence of starting friction indicates the possibility of a negative 
velocity coefficient of rubber friction and can therefore under certain conditions 
induce instabilities during sliding. Stick-slip phenomena are, in fact, often en- 
countered in friction experiments with filled GR-Scompounds. Starting friction 
may also have important consequences when rubber is subjected to intermittent 
sliding, as, for example, on the circumference of tires. 


IX. CONCLUSIONS 


The work reported in this paper is a first attempt to elucidate some of the 
most important factors governing friction and abrasion phenomena. Very 
idealized models had to be chosen in order to reduce the difficulties inherent in 
the subject to manageable proportions, and at best only semi-quantitative agree- 
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ment between theory and experiment can be expected. Within these limits, 
the assumption that local stress concentrations produced by frictional traction 
are the cause of abrasion has been justified by the available evidence, abrasion 
thus emerging as a purely mechanical process. In coming to this conclusion, 
the origin of frictional forces has been completely divorced from abrasion but the 
existence of starting friction, discussed at the end of the last section, throws 
doubt on the general validity of this hypothesis. If mechanical entanglement 
can play a significant role in rubber friction, effects similar to those produced 
when scratching rubber with a needle may be of greater importance than has 
been assumed in the present treatment of the subject. It should also be men- 
tioned that no theory is, as yet, available for the mechanism of static friction. 

It has been demonstrated that the relative wear resistance of any two com- 
pounds is not a constant but can depend pronouncedly on the conditions of 
testing. This variability is due to the formation of abrasion patterns which 
develop on different compounds with different intensity and whose contribution 
to the total abrasive loss depends on the mechanical strength of the compound. 
Abrasion patterns are thought to influence relative rates of tire wear under differ- 
ent conditions of service”, but no specific reference has been made in this paper 
to tires, for the following reason. 

Tire wear occurs when there is relative motion in the area of contact be- 
tween the circumference of the tire and the road and is therefore intimately 
connected with the mechanics of slipping wheels. This is a topic of some com- 
plexity involving the large-scale elastic properties of the wheel, differences in 
which may overshadow differences in the abrasion resistance of the tire tread. 
The same considerations apply to abrasion machines which are designed to 
imitate conditions encountered by tires and employ small rotating samples 


undergoing various forms of slip. In spite of its intricacy, the problem is 
amenable to theoretical work and a preliminary result has been given in an 
earlier publication”. It is hoped to present a more advanced approach to it in 
the near future. 


SUMMARY 


Experimental evidence is adduced for the view that rubber friction is similar 
in character to viscous flow and therefore, in contrast to solid friction, not nec- 
essarily accompanied by abrasion. This theory implies that the forces of rub- 
ber friction are proportional to the true area of contact. The true area of con- 
tact is determined by elastic deformation of the asperities on the rubber surface, 
with the result that Amontons’ law is not obeyed by rubber. The laws of rub- 
ber friction are deduced from simple models and satisfactorily confirmed by 
experiment. 

Abrasion of rubber is due to mechanical failure under the tractive stresses 
produced frictionally by the asperities of the track. In this process, certain 
periodic structures are often created on abraded rubber which have been called 
“Abrasion Patterns’. Abrasion patterns are found to increase the rate of 
abrasion; a distinction is therefore made between “Intrinsic Abrasion’’, occur- 
ring in the absence of patterns, and “‘Pattern Abrasion”. Both types of abra- 
sion are treated theoretically, and qualitative agreement with the experimental 
results is obtained. 

The phenomenon of pattern abrasion has the important consequence that 
the relative abrasion rating of any two compounds can depend pronouncedly on 
the conditions of the test. 
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I. INTRODUCTION 


The cracking of rubber by atmospheric ozone is now a well-known phenom- 
enon and for a number of years rubber scientists and technologists have devoted 
considerable effort to combating it. While the differences of opinion and the 
confusion of data in this work are sometimes more conspicuous than the suc- 
cesses, nevertheless, there has been considerable success. In spite of the exist- 
ence of large areas of uncertainty, much progress has been made. A new word, 
“antiozonant’’, has been added to the vocabulary of the rubber man. The sub- 
stances so designated, together with waxes already well known, enable the com- 
pounder to protect natural and synthetic rubbers against both static and dy- 
namic exposure to a fair degree, and this in spite of the fact, now recognized, 
that certain urban atmospheres may contain much higher concentrations of 
ozone than were formerly considered normal. In addition, the synthetic polymer 
chemist has made available a number of commercial rubbers which, because 
they are saturated, are not at all vulnerable to ozone attack, and serve in many 
special applications in which extreme resistance to ozone is necessary. The pur- 
pose of this paper is to review the present status of the antiozone work. 

Ozone has been known as a specific agent for double bonds for many years 
and, of course, has been the traditional reagent for structure studies in rubber 
since Harries’ classical research on the structure of natural rubber’. It should 
not have been surprising that this same reactivity also makes it an agent for 
the destruction of useful rubber products, and, indeed, Samuel F. B. Morse is 
reported to have been aware, even in 1868, that atmospheric ozone has a 
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deteriorating influence on some kinds of insulation?. In 1885, W. Thomson 
observed* that ozone generated in the laboratory could crack stretched vul- 
canized rubber. The importance of atmospheric ozone in the cracking of 
rubber articles exposed outdoors has been definitely established by a succession 
of investigators over the last thirty years‘, culminating in the papers of New- 
ton”, in 1945, and of Crabtree and Kemp", in 1946*. These authors surveyed 
the field thoroughly and made extensive studies of their own. Their reports 
contain a wealth of information and, to give the reader an idea of the material 
covered, portions of Newton's own summary of his paper are quoted verbatim: 


““Exposure-cracking’ is the fissuring which occurs when stretched rubber 
is placed in an atmosphere containing ozone, and is frequently wrongly de- 
scribed as ‘sun-cracking’. These cracks form in the rubber at right angles 
to the applied stress and must be distinguished from crazing, the fissures of 
which occur in an oxidized surface layer and may run in any direction. 


It is shown that there is a ‘critical elongation’ at which cracking is maximal, 
but that the relation between the severity of cracking and the surface strain 
can be greatly modified by changes in the compounding ingredients. Buta- 
diene type of rubbers do not differ greatly in resistance to exposure-cracking, 
whereas the Neoprene types and Thiokol-FA possess marked resistance. 


The only factors essential for the production of exposure-cracking are ozone 
and strain in the sample, and sufficient ozone must be present in the atmos- 
phere to produce the deterioration observed. Light is not only unnecessary, 
but actually has a retarding effect on the production of cracks. 


. . . The rate of formation of cracks increases with increase of strain until 
a maximum is reached at about 75 per cent elongation, but the mean rate of 
growth of cracks is most rapid at 20 per cent elongation because the surface 
strain is most persistent at this elongation. The actual growth of cracks 
has been studied microscopically, and it is shown that large cracks are formed 
by the coalescence of small cracks, and the collapse of neighboring ones." 


Crabtree covered much of the same material but devoted a little more attention 
to the effects of varying temperature and strain, and also described the develop- 
ment of apparatus for accelerated testing. This description was amplified in a 
subsequent publication™. 

These papers constitute a milestone in our understanding of the ozone prob- 
lem. Since the time of their publication, much has been done to find ways of 
improving ozone resistance of rubbers, and in late years this effort has met with 
rather remarkable success. 


II. MOLECULAR MECHANISM OF CRACKING 


It would, doubtless, be useful in pursuing the goal of protecting rubber from 
ozone if the mechanism of cracking were known in a more fundamental way. 
This is still quite obscure. Unsaturation must, of course, be present in the rub- 
ber for it to be susceptible to crackingf. Just how the reaction of ozone on a 
carbon-to-carbon double bond leads to cracking is not known in detail. 

In the first place, it should be noted that ozone apparently reacts with the 
surface of rubber at rest, but this is not always manifested by outward changes. 
The reaction is indicated by a slight gain in weight'®; and careful analysis for 


* For further brackground information, see Davis and Blake, ‘Chemistry and Technology of Rubber", 
Reinhold, 1937, Chapters 12 and 14. 

+ Certain polysulfide rubbers appear to constitute an exception to this statement. Presumably, the 
polysulfide linkage is vulnerable to ozone in some structures. 
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ozone content of air before and after it passes over rubber reveals the consump- 
tion of ozone'®. Tuley'? has noted a frosting effect, and Kendall and Mann" 
observed the development of a white film visible under a microscope. The 
cracking normally observed is a direct result of stress. It was formerly thought 
that cracking might occur during hydrolysis of the ozonide—in other words, 
that hydrolysis of the ozonide was an essential step in the cracking of rubber. 
Crabtree has shown that cracking of rubber by ozone occurs even in a dry atmos- 
phere (completely protected by phosphorus pentoxide)"’, and hence it must be 
assumed that the cracking does not require the presence of moisture. Newton's 
view is that in the process of reaction with ozone and the rearrangement of the 
ozonide, the carbon atoms of the double bond become separated far enough that 
they can never recombine. When ozone reacts with a double bond, the first 
product can hardly involve separation of the carbon atoms. Yet, identifiable 


ozonides have the structure —-C—-O—-C—- '§°!_ It seems plausible to think 


that the first reaction product, which is presumably a simple adduct, is so un- 
stable that it rearranges with momentary separation of the carbon atoms origin- 
ally connected by the double bond. In a normal recombination (i.e., in rubber 
at rest), the atoms regroup themselves in the more stable arrangement shown 
above, the cage effect preventing the separation from becoming catastrophic. 
If at the time of this separation and rearrangement, however, a force is acting to 
pull the carbon atoms apart, they move so far that their recombination becomes 
impossible. When this happens with several neighboring molecules, all of 
which are under stress, sufficient movement occurs to concentrate stress on the 
next nearest neighbors, and thus the stage is set for growth of the crack, both in 
depth and in length, to microscopic and then to macroscopic size. Why only 
a few of the millions of potential sites develop into cracks is presumably be- 
cause cracks form first at the spots of greater molecular extension and the 
growth of these cracks permits the relaxation of molecules in intervening areas. 
It is not generally believed that straining the rubber produces any chemical 
activation. 

This is substantially the picture presented by Newton, and by Smith and 
Gough”. It is also alluded to by Cuthbertson and Dunnom*. Kendall and 
Mann'* have studied the formation of ozonides by infrared analysis and have 
observed other groupings than that of the simple ozonide, but these could be 
the result of further reaction, so their work is not really inconsistent with the 
mechanisms described above. 

A few other observations about cracking are worth mentioning. Crabtree 
and Biggs* have reported that certain free radicals, produced by ultraviolet 
light irradiation of peroxides, cause rubber to crack in a manner indistinguish- 
able from ozone cracking. This does not necessarily indicate that ozone is 
acting like a free radical, but it causes one to look for similarities of mechanism. 
It has also been reported that ozone in true solution in water does not crack 
rubber except under a trapped air bubble***. Similarly, ozone in nitromethane 
does not cause cracking**, whereas ozone in silicone oil does. Buist?’ reports 
that a water film protects rubber against low concentrations of ozone but not 
against high**. Hydrogen peroxide in aqueous solution irradiated with ultra- 


* This was reported privately by Newton, and was subsequently confirmed by Crabtree. 

** An as yet unpublished paper by Tucker’, which bears on this point, has just come to the attention of 
the author. Tucker finds that while water films protect rubber from the cracking effect of ozone, they do 
not stop the oxidative effect which eventually may prod severe ion of the rubber surface. 
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violet light does not crack rubber, but if rubber is suspended in silicone oil 
floating above a strong hydrogen peroxide solution, and if the oil is irradiated, 
the rubber cracks’. These facts suggest that ozone, and the OH radicals from 
hydrogen peroxide, are somehow rendered unreactive by the presence of water 
and certain other substances*’. The idea suggests itself that they become hy- 
drated (or’solvated) to a less active form. These similarities between the 
action of ozone and free radicals do not extend, however, to the kinds of agent 
which protect against them. Typical antioxidants which are active against 
free-radical oxidation are often not effective against ozone, and the materials 
most effective against ozone are frequently not good antioxidants. More will 
be said about this later. 

Crabtree” has found that stretched rubber is cracked in a gas discharge tube 
at voltages in excess of 5000 volts, presumably by an ionic bombardment mech- 
anism. The gases used were hydrogen, nitrogen, argon, and helium. Butyl 
rubber, which is manufactured by ionic polymerization, is particularly suscept- 
ible to cracking in a discharge tube. Neoprene and nitrile rubber are the most 
resistant of the unsaturated rubbers tested. These observations are interest- 
ing but do not appear to be related to the phenomenon of exposure cracking. 


III. PHYSICAL ASPECTS OF CRACKING 


While little is known about the molecular mechanism of cracking, the phy- 
sical details have been well documented. Norton ', Powell and Gough*, Buist?’, 
and others have studied the formation of cracks, and speculated about their 
manner of growth. One of the most interesting papers in this connection is 
that of Smith and Gough”, who studied the development of ozone cracks by 
means of time-lapse microphotography. This technique permitted them to 
produce a moving picture of the cracking phenomenon. Careful examination 
of this film revealed much valuable information about the physical details of 
the cracking process. It became apparent that cracks form randomly over the 
whole surface of a strained area and that there are not necessarily any distin- 
guishing marks on the surface of the rubber at the spots where cracks form. 
The cracks do not form instantaneously, but require a delay period, and their 
formation is distributed statistically in time. During the cracking period, some 
cracks disappear and others join. Cracking continues to develop as long as 
both stress and ozone are present, although a time is reached when no new 
cracks appear. Disappearances and crack-joining continue so that in some 
cases the number of cracks markedly decreases. Incipient cracks have some- 
times been referred to as “pin holes’, but in the published pictures of Smith 
and Gough one does not see this stage. Perhaps, if other frames had been 
selected, this appearance would have been revealed. 

Another important paper dealing with physical aspects of cracking is that 
of Ossefort and Touhey”. Many ozone tests are run on strips of rubber which 
are bent in loops or stretched on boards, and hence are under uniaxial stress. 
The cracking in such cases is transverse to the direction of strain. Similarly, 
the folds in stored automobile innertubes or in rubber gloves introduce pre- 
dominantly uniaxial stress, and the cracking which results is along the line of 
the fold. Thus, there has arisen the popular idea that ozone cracks must al- 
ways run in one direction. Where “alligator’’ patterns have been encountered, 
the tendency has been to attribute the damage to photooxidation. In 1955, 
Ossefort and Touhey put an end to this misconception by demonstrating that 
when biaxial stresses are present in a rubber sample exposed to ozone, cracking 
occurs in the typical ‘‘mud-crack” or “‘alligator’’ pattern. They showed pic- 
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tures of cracked tire sidewalls which appear to be identical in pattern with 
samples cracked in the dark by ozone while under polyaxial stress. An experi- 
enced observer can sometimes see differences between the mud-crack pattern 
produced by ozone and that resulting from outdoor weathering (the edges and 
bottoms of ozone cracks may tend to be sharper), but, nevertheless, it appears 
that ozone may be responsible for even more damage than has been attributed 
to it previously. While the paper of Ossefort and Touhey was important in 
directing attention to these facts, it must be pointed out that Norton’? made 
the same observation in 1940. He noted that a rubber sheet stretched over a 
ball and exposed to ozone cracked in a pattern resembling that of dried mud. 
Norton's observations did not receive the attention they deserved, although 
reference was made to them by Newton. 


IV. ACCELERATED TEST APPARATUS 
A. STATIC TESTS 


The development of protective agents for rubber is facilitated by reliable 
methods of test. The fact that ozone has a role in the outdoor deterioration of 
rubber became recognized only when test conditions became well defined, e.g., 
light was excluded and ozone was shown to be present. Upon recognition of 
the problem, each worker has devised equipment to be used in the study. One 
of the most important contributions of Crabtree and Kemp™ was the develop- 
ment of a practical method and apparatus for determining in the laboratory, 
with good reliability, the resistance of a rubber sample to low concentrations of 
ozone. This made possible the beginning of correlation between indoor and 
outdoor testing. Previous methods had used too high a concentration of ozone. 
Prior to 1944, isolated measurements of ozone concentration in air were made in 
various parts of the world. Crabtree made analyses of the air at Murray Hill, 
New Jersey, on a daily basis for a year and determined that the ozone concen- 
tration ranged from 0 to 6 parts per hundred million of air. Later analyses in 
Japan™, Austria®, and in many places in America®, are in accord with Crab- 
tree’s results. The early ASTM test®*, which was aimed at measuring resist- 
ance to corona rather than to atmospheric ozone, used concentrations thousands 
of times higher than that of the air. Crabtree found that for accelerated test- 
ing one needed to stay near atmospheric values to obtain meaningful results 
and, hence, chose a concentration of 25 parts per hundred million as being rea- 
sonably dilute and yet still offering some acceleration over field conditions. 
(In later years, it has been learned that even this value is exceeded under some 
circumstances. More will be said about this later.) For generation of this 
low concentration of ozone, he chose a small quartz mercury lamp which was 
available commercially and which had a long life. Close regulation of the 
ozone output was obtained by voltage control. The chamber itself was an 
aluminum cylinder, two feet in diameter and three feet high, with a vented 
cover and baffles so arranged as to allow free passage of ozonized air without 
admitting light. Movement of the air was by convection, aided by a small 
fan. Regulated heaters were used to maintain the chamber at a prescribed 
temperature ranging from 90 to 120° F, depending on the kind of rubber being 
studied. The ozone concentration was brought to 25 parts by repeated analy- 
sis and adjustment. The analytical procedure was a modification of that de- 
scribed by Paneth* and was based on iodimetry. Samples were disposed on 
racks around the wall and could be removed easily for observations. 

The Crabtree-Kemp apparatus met with wide acceptance and, after a fairly 
long tryout period, was adopted by ASTM as Test Method D1149-51T (cur- 
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rently D1149-55T). It has been used with considerable success, both in its 
original form and also with modifications. Several commercial units embody- 
ing its general principles have been made*. One of the chief criticisms of it 
has been inadequate provision for forced movement of ozonized air through the 
chamber. In a paper presented before the St. Louis Symposium of ASTM, in 
February 1958, A. G. Veith*® describes an improved system. He points out 
that rubber cracking will not be proportional to the measured ozone concentra- 
tion if large numbers of rubber samples are exposed in a chamber with inade- 
quate air flow. He describes a new chamber which is larger than the Crabtree 
unit and which is equipped with a highly efficient circulating fan. It can be 
operated at temperatures ranging from room temperature up to 150° F, at 
ozone concentrations from 10 to 700 parts per hundred million, and with flow 
rates up to 7 cubic feet per minute. It is equipped with a revolving test rack 
for mounting samples, and this is further assurance of uniform exposure to 
ozone. Positive and substantial air flow is believed to increase the reproduci- 
bility of results appreciably. 


B. HIGH OZONE CONCENTRATIONS IN URBAN AREAS 


An important development of recent years has been the accumulating evi- 
dence that in many areas of the country*’, and conspicuously in Los Angeles, 
ozone concentration can be much higher than the values quoted above. Values 
of up to 12 parts per hundred million have been reported in several cities**, and 
readings of 50 to 90 parts have been measured in Los Angeles during periods of 
bad smog*®. Bartel and Temple“, in 1949, 1950, and 1951, took a portable 
laboratory into the Los Angeles area and made analyses in various places. 
They found values ranging as high as 50 parts in the city and a high value of 27 
parts 110 miles away, apparently well outside the smog area. Haagen-Smit*', 
who has been active in studying the causes of smog, has been able to demon- 
strate that mixtures of low molecular weight hydrocarbons and nitrogen di- 
oxide, when present at low concentrations in air, can undergo photo reactions 
which generate ozone. The studies of Stanford Research Institute* and of the 
Los Angeles County Air Pollution Control District* have confirmed these 
results and suggest that automobile exhaust is one important source of ozone- 
generating material. The fact that high values of ozone have been found in 
other cities indicates that the combinations of air pollution which accompany 
modern urban life have in them the raw materials for ozone generation, and 
leads one to believe that during periods of air stagnation ozone concentrations 
may build up almost anywhere. An alarming symptom of this is reported by 
Lundberg, Vacca, and Biggs“, who repeated at Murray Hill in 1955 the daily 
analyses carried out by Crabtree and Kemp in 1944. They found values for 
the month of June almost twice as high as any values found in the earlier series. 
Only after such tests are repeated in many areas can one say that this represents 
a significant trend, but the possibility is suggested. The fact that high ozone 
concentrations are to be expected at times in many areas has raised the question 
of whether or not 25 parts per hundred million is really high enough for an 
accelerated test. Some workers have chosen to use 50 or even 100 parts per 
hundred million**-**, Since high outdoor concentrations of ozone usually do not 
persist for more than a few hours at a time, continuous exposure at 25 parts is 
still found to constitute an accelerated test. 


C. DETERMINATION OF OZONE 


Frequent analysis is required for control of ozone concentration in test 
chambers, or for following the concentration in outdoor air. The classical 
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method of determining ozone is by iodimetry, based on the strong oxidizing 
property of ozone. The chief problem in the use of this method is that of 
quantitative scrubbing of large volumes of air to extract the ozone which may 
be present in concentrations as low as one or two parts per hundred million. 
Crabtree and Kemp" devised for this purpose an automatic device for produc- 
ing a fine mist of KI solution which was subsequently trapped in liquid. It is 
an excellent technique and has given good results in repeated checks. A. G. 
Veith** has been concerned that the vacuum used to draw air through the aspi- 
rating system might cause a loss of the released iodine, and has designed a 
counter-current extraction column to replace the spray jet system. Tests show 
that the column removes all the ozone from the air stream at flow rates of .3 
cubic meter per hour at concentrations up to 250 parts per hundred million. 
It is said that no loss of iodine vapor occurs since the maximum pressure drop in 
the system is only 5 to 10 mm and since the dissolved iodine is quickly carried 
out of the path of the air stream. Refinements in the iodimetry method have 
also been reported by Bowen and Regener*’, who have devised automatic 
equipment for the purpose. Automatic ozone measuring devices have been 
widely used in Los Angeles County. Other refinements have been made by 
Wadelin**. 

Several methods of analysis for ozone, based on the rate of cracking of rub- 
ber, have been developed. These tests are convenient because they do not 
require complicated laboratory apparatus. Their accuracy is limited by the 
errors in calibration of the rubber; by the skill of the observer; and by time 
factors. Even so, Bradley and Haagen-Smit® have made good use of the 
method in smog studies, and Crabreee and Erickson®™ have used it in obtaining 
readings from remote areas. A very convenient device of this sort is that de- 
vised by Beatty and Juve™ and known as the Goodrich Ozonometer. It repre- 
sents a considerable improvement in that it does not rely on observations of 
cracking but on the decrease of stress in the exposed arm of a stretched rubber 
loop. The progressive cracking of the exposed rubber causes movement of a 
needle on a scale and hence permits quite precise readings. The instrument is 
easily calibrated and is then very useful for making quick determinations of 
ozone concentration in areas remote from laboratory facilities. 

The National Bureau of Standards® has developed a spectroscopic method 
of analysis for atmospheric ozone, based on absorption of light in the ultraviolet 
region. It requires a path of 1450 feet and must be run at night, and hence is 
not a practical method for routine use. An ultraviolet light method for con- 
centrated ozone is described in ASTM Test Method D470-56T. 


D. DYNAMIC TESTS 


The Crabtree-Kemp chamber, which, with its modifications, has been so 
useful in laboratory studies, was designed for static tests only. In many appli- 
cations, for example, automobile tires, it is important to know the ozone resist- 
ance of a compound under occasional or continuous flexing. Many chambers 
have been devised which provide for flexing of the samples during exposure to 
ozone. A few of these will be mentioned briefly. The apparatus described by 
Fielding (1947)* provided for periodic flexing of a large number of tapered 
rubber strips at 60 cycles per minute by attaching one end of each strip to a 
long oscillating mandrel. The Firestone machine (Ford and Cooper, 1951)™ 
was quite versatile, providing for wide variations in temperature, humidity, 
strain, and ozone concentration. This machine has also been used by the 
Burke Laboratories in contract work for the Detroit Arsenal. The Rock Is- 
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land Arsenal®® has designed a much simpler machine which stretches O-ring 
specimens from 0 to 25% elongation four times a minute as they rotate over two 
pulleys. This machine has been used in much of the extensive program at the 
Rock Island Arsenal. The Monsanto apparatus (Creed, Hill, and Breed, 
1953)** rotates belt-type samples over two rollers at a frequency of 75 flexes per 
minute, the flexing being derived from the curvature of the rollers. Meyer and 
Sommer (1957)** mount flat sheet specimens on a canvas belt which is rotated 
over two pulleys several feet apart and of such dimensions that the surface of 
the sample is elongated about 15% as it goes around each pulley. One of the 
most recently described methods is that of Carlson*’, which has the advantage 
that its testpiece is a very small sample cut from sheet stock. 

These machines, and others, have proved themselves useful and it is difficult 
to say that one is better than another. The choice probably depends on the 
kinds of samples available and the particular application in mind. Dynamic 
tests, as a class, have been important in the development of antiozonants. In 
a very recent paper, Smith and Tuley® report on an extensive survey comparing 
various combinations of protective agents in laboratory and outdoor tests, both 
static and dynamic. They conclude that dynamic testing is essential for the 
true evaluation of protective agents for use in tires. 

Laboratory tests are primarily of value because they give answers faster 
than outdoor, or service tests. There are at least two principal weaknesses of 
laboratory tests for antiozonants: (1) that by subjecting a sample to ozone con- 
tinuously and in higher concentration than it would experience in service, one 
might fail an antiozonant whose rate of migration to the surface is slow, but 
adequate for coping with atmospheric concentrations; and (2) that a particul- 


arly volatile antiozonant might be effective in a laboratory test, but in outdoor 
service might soon be lost. Fortunately, today’s best antiozonants have been 
thoroughly tested in outdoor service as well as in accelerated tests. 


V. ASSESSMENT OF DAMAGE 


One of the difficult problems in ozone testing has been evaluation of the 
damage. As pointed out by many people, the cracking pattern varies with 
strain, samples at low strain showing fewer and larger cracks, and samples at 
high strain showing many small cracks. Increase in temperature has the same 
effect as increase in strain*. The effect of protective agents will be discussed 
more completely in another section, but it is pertinent to point out that in- 
sufficient amounts of protectant may have the result that a few very deep cracks 
will form under conditions in which, otherwise, many small cracks might have 
been produced. This fact complicates evaluation. Various schemes have been 
adopted for assessing the extent of cracking. Some workers have measured 
the number of cracks; some the depth; and some the volume. The latter was 
ingeniously accomplished, in one case, by rubbing a heavy powder in all the 
cracks and measuring the increase in weight® ; and, in another, by rubbing radio- 
active powder into the cracks and counting the total activity®. One author 
has used the cracked sample as a rubber stamp and printed the crack pattern 
on paper in ink®, This is useful in making records, but, of course, leaves the 
question of assessment unanswered. 

A scheme for quantitative evaluation of extent of cracking is the depth 
measurement technique described by Rugg*. As Powell and Gough*® have 
pointed out, cracks grow in depth as they grow in length, and Rugg feels that 
depth is measured more easily. He views a sample in cross-section with a 20- 
power microscope containing, in its field, a scale divided into millimeters. The 
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deepest crack, and those within 10% of the deepest, are measured and their 
depths averaged. Reproducibility is said to be good. 

Another system is that of Creed, Hill, and Breed®*. They chose samples of 
varying degrees of cracking and rated them from 1 to 6 in order of increasing 
severity of cracking. These are used as observational standards with which 
to compare the samples under test. A formula is applied to the results in such 
a way as to give a numerical rating for the antiozonant. This scheme was sub- 
sequently used by Meyer and Sommer*®. Edwards and Storey® also use a 
rating system, theirs being based on functions of number and depth of cracks. 
Measurement of the loss of electrical conductivity in a stretched sample as 
cracking occurs (with consequent reduction in cross-section) has been used to 
assess damage™. This method tends to emphasize the importance of the deep- 
est cracks. 

A still different method which has been used successfully is measurement of 
stress relaxation as cracking proceeds. One version of this method was used 
by Norton" in 1940. Weights were hung on rubber strips and the time for the 
weight to fall was taken as the end point. Thompson and his associates™ used 
a somewhat similar method in their study of neoprene compounds. Buckley® 
used a refined version in some experiments on the ozone resistance of IIR. His 
sample was attached rigidly at the bottom, and the top was connected to a beam 
which supported a counter-weight on its other end. Increase in elongation at 
constant stress was recorded during ozonization. More recently, Veith** has 
described a quite elaborate and quantitative system for evaluating ozone dam- 
age by stress relaxation. A test rack holds 12 samples in simple extension. 
The initial elongation is obtained by adding lead shot to a small bucket clamped 
to the lower end of each sample. After being mounted, the samples are held 
for an overnight period in an ozone-free atmosphere to reduce the viscoelastic 
creep to a negligible rate. The samples are then inserted in a glass-fronted 
ozone chamber and the ozone-induced creep is followed with a cathetometer. 

In discussing evaluation of cracks, one must mention that many investiga- 
tors have used samples fashioned in such a way as to vary the strain over the 
length or breadth of the sample. For example, Van Rossem and Talen® used 
thin wedge-shaped pieces and Fielding® used long tapered strips of sheet. 
Edwards and Storey® used trapezoidal strips, and they, as well as Winkleman®, 
used extruded stock of triangular cross-section, which, when bent in a loop, had 
maximum strain at the apex of the triangle. Use of such samples has confirmed 
that for many stocks maximum crack damage occurs at elongations of from 10 
to 20%. Whether or not there is a true “critical elongation’’ as suggested by 
Newton is still a moot question®™. Ball, Youmans, and Rausell® point out that 
the elongation at which maximum damage occurs varies with the modulus of 
the stock, being lower for a high modulus stock, and they suggest that it is more 
appropriate to compare compounds at equal stress than at equal strain. How- 
ever, Popp and Harbison™ and van Pul” find little correlation between cracking 
and modulus. 

The criterion of damage easiest to use is that of “time required for the first 
cracks to appear’ as judged with a magnifying glass. This becomes a “go 
no-go’’ test and eliminates most subjective factors. It is true that a certain 
degree of skill is required to recognize the first evidence of damage, but each new 
reading is a check on previous ones and it is not hard to determine the time of 
first detectable cracking. This criterion has been used for years on products 
intended for static use, such as telephone wires. 

For dynamic use, it has been felt that to require ‘‘no cracking’’ was unreal- 
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istic. With the advent of the true antiozonants, it now appears that a degree 
of protection is obtainable which, in view of the difficulties of evaluating cracks, 
justifies use of the criterion of no cracks. This has been used, for example, in 
the extensive tests carried on by the Rock Island Arsenal. As better anti- 
ozonants are found, and as their use becomes more widespread, it is anticipated 
that ‘“‘time-to-first-evidence-of-damage"’ at a specified magnification will be 
adopted as the normal criterion. 


VI. INHERENT RESISTANCE OF POLYMERS 


It was mentioned early in this paper that there are now several commercial 
rubbers which are entirely saturated and hence are completely resistant to 
ozone. The resistance of other polymers varies widely, and this subject was 
discussed thoroughly in a recent paper by Ossefort”'. He groups rubbers in two 
large groups: (I) those inherently resistant to ozone; and (II) those whose re- 
sistance is a function of compounding. The Group I list is as follows: 


Acrylic ester/acrylonitriles (Acrylons) 

Chlorosulfonated polyethylene (Hypalon) 

2 (2-cyanoethoxy)ethyl acrylate (Vyram) 

Ethyl acrylate/chloroethyl vinyl ether (Hycar 4021) 

Fluorinated silicone (LS-53) 
Monochlorotrifluoroethylene/vinylidene fluoride (Kel-F Elastomer) 
Poly-1,1-dihydroperfluoro butyl acrylate (Poly FBA) 

Silicone rubbers 

Vinylidene fluoride/hexafluoropropylene (Viton A) 


These polymers are all saturated and are unaffected by ozone in atmospheric 
concentrations. 

Group II is divided into two parts, those which do not need a chemical 
antiozonant, and those which do. These lists are as follows: 


Chemical Antiozonant Not Needed for Ozone Resistance 


Brominated Butyl 
Butyl (IIR) 
Neoprene (CR) 
Polyurethane 


Chemical Antiozonant Required for Ozone Resistance 


Butadiene/Acrylonitrile (NBR) 
Butadiene/Acrylonitrile/Carboxylic Acid 
Butadiene/Styrene (SBR) 

Butadiene/Viny! Pyridine 
Cis-1,4-polyisoprene (NR) 

Cis-poly butadiene 

Conventional polybutadiene (BR) 

Mercaptan modified adducts of polybutadiene 
Polysulfides 

Polyurethanes 


The headings of these lists are somewhat misleading, because whether or not 
the resistant polymers need chemical antiozonant depends on circumstances. 
Neoprene contains the same number of double bonds as natural rubber, but the 
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reactivity of the double bond is decreased very appreciably by the presence of 
the chlorine atom, presumably an example of the phenomenon described by 
Noller” for small molecules. Neoprene gum stocks are quite ozone-resistant. 
The ozone resistance of neoprene compounds has been studied by Thompson, 
Baker, and Brownlow™, and by Hartmann and Glander™®. When pigments and 
plasticizers normally used in practical compounding are added, the natural 
resistance of neoprene is decreased (as is that of natural rubber and SBR®). 
However, even compounded neoprene usually can be protected from ozone by 
addition of waxes. 

The ozone resistance of I1R results from a different cause. Unsaturation is 
tailored into IIR during synthesis in the amounts needed for satisfactory vul- 
canization. Many of the double bonds are used during the curing process and 
hence there is very little unsaturation left at optimum cure”. Even this small 
amount, however, remains an Achilles heel, and II[R is sometimes found to be 
susceptible to ozone cracking. The literature is quite contradictory on the 
ozone resistance of such rubbers, and this, no doubt, reflects the extreme im- 
portance of curing conditions and formulation™®.”*.77.78, It is generally accepted 
that low unsaturation is helpful, but results still tend to be erratic. Waxes and 
antiozonants afford good protection”. 

The butadiene and isoprene rubbers, which make up a large proportion of all 
rubber used, are quite vulnerable to ozone, and it is this vulnerability which has 
given impetus to the antiozone work. Most studies of protective agents have 
been concerned with natural rubber and SBR, which, of course, fall in this group. 
Nitrile rubbers, also in this group, are considered to be poor in ozone resistance 
(although Elliott and Newton” did not find them so), and the fact that they 
are usually used in highly plasticized compounds aggravates the situation”. 
They can be improved considerably by use of waxes and antiozonants. Special 
studies of the protection of nitrile rubbers have been made by the Rock Island 
Arsenal® and by Meyer and Sommer*. 

The polyurethanes appear in two places in Ossefort’s table. This is because 
they vary in degree of unsaturation. Since the polysulfides do not contain 
unsaturation, the attack on them is believed to consist of oxidation of the di- 
sulfide linkage. Members of the family differ widely in their ozone resistance 
and some of them (Types A and FA) are highly resistant and should be placed 
in the table at a position near that of neoprene and IIR". 

Hydropol, a substance prepared by the Phillips Petroleum Company and 
consisting of hydrogenated butadiene®™, is not listed in the table because it is 
more of a plastic than a rubber, but it is interesting in its behavior toward ozone. 
Even the grade which contains 29% residual unsaturation (far more than is 
present in IIR) is, nevertheless, quite ozone-resistant®. Two hypotheses have 
been offered to explain this. One is that the most accessible double bonds have 
already reacted during hydrogenation and hence only relatively inactive ones 
are left. The other is that the low molecular weight fraction of the polymer, 
probably more readily hydrogenated than the high molecular weight portion, 
has been converted to a saturated wax which acts like other waxes in protecting 
the surface from ozone. The latter explanation seems plausible, but at the 
present time is sheer speculation. 

The placement of mercaptan adduct rubbers in the last group is misleading. 
These products can vary widely in unsaturation. Pierson et al.* report data 
on samples which were 69% saturated and find them to be as resistant as neo- 
prene. Meyer, Naples, and Rice®, in tests with high concentrations of ozone 
(10,000 pphm), find them superior to both IIR and neoprene. There may be 
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similarities between the adduct rubbers and Hydropol with respect to the 
nature of the residual double bonds. 


VII. PROTECTIVE AGENTS 


At the time of the Newton and Crabtree papers, a few preventive measures 
for ozone attack were already known. Williams‘ had noted that oxidized rub- 
ber was less susceptible to ozone cracking than fresh rubber, and had suggested 
the rather drastic measure of treating the surface of the sample with copper 
chloride. Many workers realized that continuous inert coatings offered pro- 
tection. Norton’ mentioned the use of alkyl resin films and Newton” and 
Buist*?’ used Vulcaprene. Patents have been issued on hydrogenation of the 
surface of rubber articles to protect them from ozone*®, on covering them with 
phenol formaldehyde resin®’, and on addition of certain adducts of hydrogen 
sulfide®*, Polyvinyl chloride paints have been used’®, Some of these measures 
were useful in special circumstances but they are certainly not general solutions 
to the problem. 

A. WAXES 


For many years, wax has been widely used as a protective agent and several 
authors have studied the relative benefit of various types of wax“:55.6,70,89,90, 
Microcrystalline waxes have been highly regarded and some special blends 
reputed to be particularly efficacious have been placed on the market. There 
seems little doubt that the beneficial effect of wax arises from the fact that it 
blooms to the surface and there interferes mechanically in the contact between 
ozone and the rubber. It is general knowledge that too little wax is worse than 
none at all because a break in the film concentrates the ozone attack, and hence 
the crack growth, at those few places where the wax film has failed. If large 
quantities of wax are used, on the other hand, there ir a tendency for it to crys- 
tallize in heavy layers which are easily broken. Paraffin wax, in particular, acts 
in this manner. Also, heavy layers of wax are unsightly and, in some cases, 
cause sticking of surfaces. 

Any factor which affects the rate of migration of a wax to the surface of a 
rubber compound may alter the degree of ozone resistance. Some of these are 
solubility in the rubber polymer; molecular weight and chemical nature of the 
wax; adsorptive character of any fillers or pigments present. There is at least 
one instance known in which a change of brand of the whiting used in a wire 
stock had a marked effect on the ozone resistance. Some compounds of natural 
rubber and SBR can be given quite good resistance to ozone in static service 
with no other protective agent than wax, but it is usually dangerous to rely on 
wax alone. Neoprene and IIR, however, which have high inherent resistance 
to ozone, can, in many cases, be given entirely adequate resistance to outdoor 
atmospheres with use of no other protective agent than wax of suitable type and 
in suitable amount. Neoprene jacketed telephone wires, protected with three 
or four parts of wax, have stood up for ten years in Los Angeles with no sign of 
cracking“. 

B. ANTIOZONANTS 


It has been abundantly evident that wax alone is not an adequate answer to 
the ozone problem with the butadiene and isoprene rubbers, particularly when 
they are subject to flexing in service, and, therefore, the search for better pro- 
tective agents has continued. In his study of frosting in 1939, Tuley’? found 
that, in addition to waxes, certain chemicals were effective in preserving the 
shiny surface of naturalrubber. After mentioning that most antioxidants were 
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not effective, and that the aldehyde-amines and ketone-amines were slightly so, 
he had this to say: “A limited number of chemicals have been found which are 
of any value. The most effective of these are all members of one class, the di- 
primary arylamines, represented by p-phenylenediamine, benzidine, and 4,4’- 
diaminodiphenylmethane’’. In the light of the discussion to follow, these words 
take on great significance. Tuley was aware of the toxicity of these compounds 
and used them in fractional parts. Derivatives of these compounds, used in 
amounts of three to five parts per hundred, are our best antiozonants today. 

In 1943, a patent was issued to Barton” for the use of 1-(p-aminopheny]l)- 
2,5-dimethyl pyrrole as a protective agent. This substance seemed to exert a 
strongly beneficial effect on fresh stocks. Many other pyrroles, notably hexa- 
methylene bisdimethyl pyrrole”, were tried. In fresh stocks, they appeared 
to be very helpful in static tests, but after a shelf-aging period of six months, 
they failed badly on retest. It appeared that a heavy bloom had developed on 
the surface and this was broken when the samples were stretched. Thus, some 
members of a class of compound which, at first, was thought to be protecting by 
chemical means finally appeared to act more like wax. It is probable that the 
original member bore a closer relationship to modern antiozonants. 

Nickel dibutyldithiocarbamate has been said to have value as a protective 
agent against ozone, particularly at atmospheric concentrations. Its protective 
action is aided by the presence of wax and is probably related to the bloom which 
is produced™. 

In the late forties, certain condensation products of ketones and amines were 
advocated as contributing to the ozone resistance of rubber and SBR. These 
substances were shown to react with ozone to form dark resinous skins, but they 
did not become widely used. 

It has long been thought that antioxidants, in general, have some protective 
effect against ozone, but the data have always been erratic. Gaughan® states 
that ‘conventional antioxidants give protection against ozone cracking mostly 
by accident’. Thompson and coworkers, in a systematic study, found some 
antioxidants which were very good antiozonants, some which were inert, and 
some which were actually harmful. Similar results were reported by van Pul”. 
However, the idea that antioxidants might be helpful has led investigators to 
work with various amines, and, in doing so, Creed, Hill, and Breed®® at Mon- 
santo discovered a substance which might be called a true antiozonant. This 
was 6-ethoxy-1,2-dihydro-2,2,4-trimethylquinoline. At a level of 3 parts per 
hundred of rubber or SBR, this compound afforded very substantial protection 
even in dynamic testing. 

While these experiments were going on, workers in other laboratories were 
testing many other substances, and out of this work came the best antiozonants 
which are known today. These are the N,N’-dialkyl-p-phenylenediamines and 
related compounds, remarkably closely akin to Tuley’s antifrosting agents. 
One of the earliest ones tried was N,N’-dibutyl-p-phenylenediamine. The 
fact that it is an excellent antiozonant was demonstrated in several laboratories. 
Gaughan, of the Detroit Arsenal, refers to this discovery as a ‘major advance’. 
It soon developed, however, that this compound was alarmingly toxic for rou- 
tine use and that its vapor pressure was too high. Continued work at Rock 
Island Arsenal led to a study of N,N’-di-secondary-butyl benzidine which was 
less toxic and less fugitive, but was not as economically available. From these 
beginnings, extensive programs were initiated by the Rock Island Arsenal and 
their contractor, Augustana Research Foundation, and by the Detroit Arsenal 
and their contractors, Burke Research Company and Dayton Rubber Company. 
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These programs screened a large number of compounds for antiozonant 
properties in accelerated and outdoor tests in both static and dynamic exposure. 
Some of this work was reported by Shaw, Ossefort, and Touhey® in 1954. This 
paper presents data on tests of the following compounds in SBR, both in ac- 
celerated and outdoor exposure, with and without other additives: 


N,N’-Dinonyl-p-phenylenediamine 
N,N’-Dioctyl-p-phenylenediamine 

p-Aminopheno] 

p-Aminodiethylaniline 

o-Aminophenol 

p-Phenylenediamine 

N,N’-Diphenylbenzidine 

0.65 Diarylamine-ketone reaction product 

0.35 N,N’-Diphenyl-p-phenylenediamine | 
nickel-dibuty]-dithiocarbamate 
N,N’-Diphenyl-p-phenylenediamine 
6-Ethoxy-1,2-dihydro-2,2,4-trimethylquinoline 
N,N’-Di-4 (2,6-dimethylheptyl)-p-phenylenediamine 
N,N’-Di-n-octyl-p-phenylenediamine 
N,N’-Di-2-naphthyl-p-phenylenediamine 

Mixture of mono- and diheptyl diphenylamines 
N,N’-Di-4 


The outstanding antiozonants from this list are: 


p,p'-Diaminodiphenylmethane 
N,N’-Dinonyl-p-phenylenediamine 
N,N’-Dioctyl-p-phenylenediamine 

N,N’-Di-4 (2,6-dimethylhepty])-p-phenylenediamine 


Further data on two of these substances are shown in the following table 
taken from their paper. 


Time To First Crack For 80/20 GR-S Comrounps ConTAINING VARIOUS 
ANTIOZIDANTS* IN THE FIRESTONE WEATHERING APPARATUS 


Ozone concentration: 50 + 5 pphm 
Temperature: 100 + 1° F 
Dynamic flex: 0 to 20% 

Static stress: 20% 


Note: This test was run continuously Monday through Friday. 
OK: Indicates specimen crackfree, test continuing. 
Time to first crack in hours 
Antiozidant* 100 RHC wax Static Dynamic 
N,N’‘-Dinony]-p-phenylenediamine 3 3 OK1440 7 
N,N’‘-Dinony]-p-phenylenediamine 3 1 OK1440 7 
N,N’-Diocty]l-p-phenylenediamine 3 3 OK1440 23 
N,N’-Diocty]-p-phenylenediamine 3 1 OK1440 23 


* The word “antiozonant” is used more commonly now, 
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Interesting facts from this paper are: The efficiency of the antiozonant is en- 
hanced by the presence of wax; is diminished by a period of oxidation before 
the ozone test; and, in general, samples last longer outdoors than they do in the 
accelerated test. In particular, 6-ethoxy-1,2-dihydro-2,2,4-trimethylquinoline 
gives much better protection outdoors than in the accelerated test. This is 
believed to result from the fact that a sample outdoors is normally exposed to 
much lower concentrations of ozone, and even when the concentration is high 
it is intermittent. Thus, an antiozonant which diffuses to the surface quite 
slowly might still be able to cope with the ozone in the outdoor test. As 
pointed out earlier, this is a weakness of accelerated tests. 

In other reports ™*, N-phenyl-N’-cyclohexyl-p-phenylenediamine, along 
with the same N,N’-dioctyl and N,N’-dinonyl derivatives, was found to be 
outstanding. Smith and Tuley®® in fact obtained repeated readings which 
indicated N-phenyl-N’-cyclohexyl-p-phenylenediamine to be measurably su- 
perior to other antiozonants. 

In recent work at the Burke Research Company®, on contract to the 
Detroit Arsenal, the following range of antiozonant activities was found for 
various substituted p-phenylenediamines in SBR compounds after being aged 
24 hours at 100° C: 


Excellent to Good 
N-substituent N’-substituent 


t-Buty] t-Buty] 

s-Alkyl (C;-C,) s-Alkyl (C;-Cy) 
s-Alkyl Cyclohexyl 
Alkyl (C;-Ci;) Phenyl 

Cyclohexyl Aryl (Ce—Cio) 
Cycloalkyl (C;-Cs) Cycloalkyl (C;-Cs) 


Good to Fair 
N-substituent N’-substituent 


s-Alkyl s-Alkyl (C;-Cs) 

s-Alkyl (Cy0-Ci3) s-Alkyl 

s-Alkyl 

s-Alkyl 

(C, or higher) (Cy or er) 
Aralky] (Phenylethy]) Aralky] ( henplethy) 


Fair to Poor 
N-substituent N’-substituent 
(Cs optimum) n-Alkyl (C, optimum) 


s-Alkyl ( 13) 
1 (Ce-Ci 


(benzyl) Aralkyl (benzy]) 
Cyanoethyl 


For a while, in these studies, it was believed that the presence of an active 
hydrogen atom, which is generally thought of as being important in antioxi- 
dants, was also desirable in antiozonants. This idea has still not been aban- 
doned completely, although it has been found that certain tetra-substituted 
p-phenylenediamines can also be good antiozonants. The Burke Research 
report gives the following ratings on antiozonants of the formula RNA-CeH,- 
N’R’B with R, R’, A, and B, as indicated : 
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N-substituents 


A 


Methyl 
anoethy] 
thy] 
Methyl 
Methyl or ethyl 
Methyl 
Methyl 


R 


s-Alkyl (C;-Cs) 
s-Alkyl (C;-Cs) 
s-Alkyl (C3-Cy) 


Cyclohexyl 
ethyl 


Methy! or ethyl 


Methyl 
Methyl 


N-substituents 


A 


Methyl 

Methyl 

Isobuty] 

Methy 

Methyl] 
Cyanoalkyl (C;-Cs) 
Cyanoalkyl] 


R 


n-Alkyl (Cs) 
Phenyl 
Tsobuty] 
t-Buty 
Methy] 


s-Alkyl (Cs-C;) 


Aryl (C--C;) 


N-substituents 


Tsobuty] 
thy] 
Methyl 
Methyl 
Cyanoethy] 
ethyl 
n-Propyl 
Cyanoethyl 
Tsobuty] 


Cyclohexy! 
Cyclohexy] 
ethyl 
Methyl] 
Methyl 
thy] 
(C7) 
utyl 


Excellent 


B 
Methy! 


ethyl 


H 
Methyl 


Good to Fair 


B 
Methyl 
Methyl 
Tsobuty] 
Methy 


H 


Fair to Poor 


B 
Tsobuty] 
H 


N’-substituents 
R’ 
s-Alkyl (C;-Cs) 
s-Alkyl (C;-C,) 
s-Alkyl (C;-C,) 
Cyclohexyl 
s-Alkyl (Cx) 


s-Alkyl (Cs-Cy) 


N’-substituents 
R’ 

n-Alkyl (Cs) 

henyl 
Tsobuty] 
t-Buty 
s-Alk 
‘Alkyl or Cyc 


N 
Cyclohexy] 


Cyanoethy] 
Cyanoethy! 


Granoethy 
Propyl 

n-Propy 

H 


Tsobuty] 


Cyanoethyl 

Cyanoethy] 
ethyl 

s-Alkyl (Cz) 
henyl 
s-Butyl 


Although the tetra-substituted compounds in the first list are rated ‘‘excel- 
lent’’ in this table, their effectiveness does not compare with that of N,N’- 
dioctyl or N,N’-dinonyl-p-phenylenediamine. 

Studies with compounds having other nuclei between the amino groups in 
place of phenylene showed that ozone resistance decreased in the order phenyl- 
ene, diphenylene, methylene, diphenylene and amino diphenylene derivatives. 

It will be evident to the reader that extensive screening programs of this 
sort require the mixing, curing, mounting, and observing of hundreds of sam- 
ples. In all cases, the results are affected by the specific conditions of test. 
Hence it would be surprising, indeed, if universal agreement were found in all 
cases, particularly on the relative effectiveness of quite similar substances. 
One should, therefore, regard the above comparisons as qualitative trends. 

From these and other tests, it appears to be sound practice to use at least 
3 parts of a good antiozonant, and for many formulations 5 parts are needed. 
It is also desirable to add 1 to 3 parts of wax along with the antiozonant. This 
is borne out in a comparison between Los Angeles and accelerated exposure 
of a large number of SBR compounds by Lundberg, Vacca, and Biggs“, “4 and 
in a recent paper by Edwards and Storey®*. The latter authors, using ‘both 
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the ozone chamber and an ingenious technique of mounting samples on actual 
tire sidewalls, obtained excellently correlating data showing that combinations 
of wax and standard antiozonants offer effective protection. 

The level of protection which can be obtained by good antiozonants in out- 
door exposure has been shown in some of the tables quoted above. Informa- 
tion on many specific articles of manufacture is also available, and indicates 
that they can be protected“®. For example, it has been demonstrated that 
tires containing proper amounts of good antiozonants will remain uncracked 
outdoors for prolonged periods®*™. 


VIII. MECHANISM OF ACTION OF ANTIOZONANTS 


The mechanisms by which antiozonants and antioxidants act appear to be 
completely different. An interesting paper which bears on this point is that of 
Delman, Simms, and Allison®’. These workers carried out experiments in which 
rubber was dissolved in benzene and the viscosity of the solution was measured 
while ozonized air was passed through it. The viscosity fell at rates much 
higher than were found in similar experiments in which the air contained no 
ozone. When conventional antioxidants, such as phenyl-2-naphthylamine or 
diphenyl-p-phenylenediamine, were added to the solution, practically no change 
in the rapid rate of fall of viscosity was found, but when antiozonants, such as 
N,N’-dibutyl-p-phenylenediamine or 6-ethoxy-1,2-dihydro-2,2,4-trimethyl- 
quinoline, were added, the viscosity stayed almost constant until the antiozon- 
ant was used up. When the viscosity began to fall, it could be stabilized again 
by further additions of antiozonant*. Kendall and Mann" found that phenyl- 
2-naphthylamine inhibited the development, during oxidation, of certain bands 
observable in the infrared spectrum, but that it did not inhibit ozone cracking 
of natural rubber vulcanizates. Together with the fact, already mentioned, 
that many antioxidants are useless as antiozonants, these results seem to sup- 
port the viewpoint expressed above that protection against oxidation and pro- 
tection against ozonization follow different mechanisms. It is also suggested 
that antiozonants work by stoichiometry rather than by chain-stopping. If 
this is true, then the action of the antiozonant must be to migrate to the surface 
of a rubber sample and there preferentially react with ozone. 

The Augustana Research Foundation", in contract work for the Rock Island 
Arsenal, has carried out some most interesting experiments which throw light on 
how antiozonants function. They devised a sensitive technique for measuring 
the change in concentration of ozone in air before and after passing over the 
substances under study. By means of this technique, they were able to show 
not only the absorption of ozone by SBR raw polymer dispersed on silica gel, 
but also by unstretched vulcanized SBR rods. In the latter case, absorption 
fell off very rapidly as the surface became saturated. This technique was used 
to measure the ozone absorption of the antiozonants themselves dispersed on 
silica gel, and it was found that most of the typical N,N’-dialkyl-p-phenylene- 
diamines consume four moles of ozone per mole. Corresponding derivatives of 
benzidine absorb eight moles. A substituted p-amino phenol absorbs only two 
moles. These reactions need much more investigation. (Infrared analysis of 
the products of ozonization of antiozonants shows that the aromatic character- 
istics of the original compound have been destroyed to a large extent, and that 
carboxyl and carbonyl groups are predominant functional groups in the reaction 


* Smith and Tuley** have used this as screening test f tiozonants. 
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products. Nitro groups are present, and oxalic acid has been identified.) 
Mixtures of antiozonants with unsaturated hydrocarbons (models for unsatu- 
rated rubber) were treated with ozonized air and it was found that the anti- 
ozonant is attacked first and is consumed before appreciable attack occurs on 
the olefin. These experiments make entirely plausible the hypothesis that 
antiozonants function by reacting preferentially with the ozone which reaches 
the surface. The amount of antiozonant on the surface at any time is a func- 
tion of its concentration and solubility in the polymer; its rate of diffusion 
through the polymer; previous contact of the surface with ozone; volatility of 
the antiozonant; and perhaps other factors. In this connection, the following 
paragraph quoted from the Augustana report (page 17) is pertinent: 


“A number of GR-S vulcanizates which included both an antiozonant and 
wax in their formulation were placed under static stress and exposed to ozone 
at low concentrations (30 pphm) intermittently for extended periods of 
time without obtaining any ozone cracks on the surface of the rods. . . . 
In particular, samples §12B68 and §847A3B7 were completely protected by 
the antiozonant each contained, in that no ozone cracking could be detected 
in over 100 hours for 812B68 and over 60 hours for S47A3B7. In all cases, 
it was found that the initial rates of absorption of ozone were high (nearly 
100% removal of the ozone from the ozone-air stream) but the rates gradu- 
ally declined as a residue of oxidized products accumulated on the surface 
of the rod. During an idle time between successive exposures, it was found 
that fresh ozone-sensitive materials had effused to the surface of the rods so 
that the initial rate of absorption in each successive run was higher than the 
end rate of the preceding run. After a certain number of runs, a steady 
state of absorption of ozone was reached in which the rate of absorption 
(after a few initial higher rates) became constant for a given vulcanizate. 
It is believed that in the steady state the rate of the reaction of ozone with a 
particular sample is fixed by the rate at which the antiozonant migrates to 
the surface of the rubber. In practice, it was found that if the quantity of 
ozone absorbed for various times were plotted against the corresponding 
time, a curve was obtained for each run which could be assembled into a 
composite curve.”’ 


Some disadvantages of present day antiozonants, in addition to the toxicity 
already mentioned, are that they are oil extractable and they tend to discolor 
as they react with ozone, and hence spoil the appearance of light-colored goods. 
Investigators in this field have been mindful of these weaknesses and are con- 
tinuing their search for better materials. There is some evidence that the 
tetra-substituted p-phenylenediamines are not as bad stainers as the disub- 
stituted derivatives, although they are still much worse than conventional 
phenolic antixoidants. There are few clues on which to proceed to develop 
antiozonants free of these difficulties, but if ease of reaction with ozone is a 
controlling property, there should be other systems which would work as well as 
the substituted aromatic amines. In view of the great strides already made in 
finding compounds with desired properties, it seems quite likely that further 
refinements are attainable. 
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THE USE OF RADIOACTIVE SULFUR 
IN VULCANIZATION * 


G. A. BLox# 


Krev Tecunovoaicat Instrruts or Licut Inpusrry, Krzv, USSR 


One of the newest and most promising physical-chemical methods consists of 
the use of radioactive tracer atoms, particularly in such varying fields of knowl- 
edge!-?3.4.5 as research, industry, agriculture, etc. 

It should not be surprising therefore that these methods are favored in the 
study of rubber, especially in connection with the very complex vulcanization 
process. The use of the isotope method introduces new, realistic prospects to 
the experimental study of vulcanization. These include the interaction of 
sulfur-containing chemicals, such as accelerators, in mixtures subjected to 
vulcanization. 

A study of the interaction of accelerators with vulcanizing agents, based on 
isotopic exchange, makes possible a determination of the mobility of sulfur 
atoms at carbon-sulfur bonds and other bonds of organic substances. By the 
isotope method it is possible to observe the movements of sulfur tracer atoms 
and of tagged sulfur compounds in the complex and manifold curing process. 
The mobility of sulfur in various combinations with carbon is directly related 
to accelerator structure and activity and, consequently, to the synthesis of new 
accelerator types. It is very important to clarify the question as to whether 
the mobility of sulfur atoms and the intensity of the isotope exchange can serve 
as a criterion for accelerated activity in curing. Tracer atoms can be used 
extensively to solve many technological problems*®™-** in the rubber industry. 

This review deals with scientific studies made in the field of tagged sulfur 
vulcanization. 


THE INTERACTION OF ACCELERATORS AND 
VULCANIZING AGENTS 


This interaction and its influence on the structure of rubber form the core of 
the study of vulcanization and have not been solved experimentally® as yet. 
In order to rationalize vulcanization, it must be determined whether an inter- 
action of accelerators and vulcanizing agents takes place in the rubber mix 
during cure, whether intermediate products emerge which decompose as active 
sulfur forms, and whether the sulfur belonging to the accelerator or to the 
vulcanizate is mobile. An investigation of these matters experimentally became 
feasible when the method of tracer atoms was introduced. The reactions oc- 
curring during cure involving the isotopic exchange of sulfur atoms found in 
some of the best known accelerators such as thiazoles, carbamates, thiurams, 
xanthates, sulfenamides, and others, as well as of sulfur as a curing agent, both 
melted and in solution, or, in the rubber itself, have been made the subject of 
numerous studies (see, in this connection References 7-15, 24, 30, 32, 37-42, 
44 and wie These studies cover the wide temperature range of 25° to 190°. 
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The basis of the experimental procedure was that the sulfur containing ac- 
celerator and radioactive sulfur, S*, were either melted together, refluxed in 
solvents, e.g., xylene, alcohol, benzene, and the like, or they were mixed with 
rubber and heated at 140° to 150°. Next, the accelerators and curing agents 
were chemically isolated from the melts, solutions or rubber vulcanizates. 
The separation of the accelerator from free radioactive sulfur must be absolutely 


TABLE I 


Isotropic ExcHANGE OF ELEMENTARY SULFUR WITH 
SULFUR FROM THE ACCELERATOR 


Ex- Velocity 
Temp., Time, change, constant, 
Reactants rol hr/min % K (br™) 
Potassium xanthate + sulfur (alcohol- 
toluene solution)" 0/60 . 0.0324 
Same as above 0/15 ‘ 0.0996 
Isopropyl] xanthate + sulfur 5/0 
Potassium diethyldithiophosphate + sulfur 
(aleohol-toluene solution) 
Sodium diethyldithiocarbamate + sulfur 
(alcohol-toluene solution)" 15/30 
Same as above 5/0 
Nickel diethyldithiocarbamate + sulfur 
(decalin)* 8/0 
Tetramethylthiuram disulfide + 
(melt) 
(rubber) 
(naphthalene) 
Tetratsobutylthiuram disulfide + sulfur 
(xylene) 
Tetraethylthiuram disulfide + sulfur 
(acetone) 
MBT sulfur?” 
(melt) 
(melt) 
(melt) 
(xylene) 
(xylene) 
(rubber) 
MBT + HS 
(toluene)” 
MBTS + sulfur 
MBT + sulfur + DPG (toluene)* 


Sulfenamide BT + sulfur (melt)?¢ 
MBT methylether + sulfur (melt)** 
Methylbenzothiazole + sulfur (melt)? 
MBT benzylether + sulfur (melt) 
Aminobenzothiazole + sulfur (melt)*® 


complete because the presence of a mere trace of radioactive sulfur will distort 
the results. In the case of an MBT-sulfur mixture (MBT = mercaptobenzo- 
thiazole) the separation was done with the help of 0.5 to 1 per cent aqueous 
sodium hydroxide. MBT was separated as its sodium salt which was then de- 
composed with hydrochloric acid. The precipitated MBT was washed in 
water and dried to constant weight. To separate the components of the melts 
of thiuram (TMTD) and radioactive sulfur, TMTD was converted to nickel 


Act. 
mole 
22.3 
21.5 
24.0 
24 
| 25.1 
23.0 
140 «(0/4 2996 
140 2/0 None 
145 2/0 None 
145 2/0 None 
145 Noe — 
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dimethyldithiocarbamate according to the method worked out by Ginzburg 
and Derechinskaya!®. We separated MBT from TMTD in the same manner. 

The melt of sulfenamide BT and radioactive sulfur was separated by the 
conversion of sulfenamide into MBT and further treatment as above. Sodium 
carbamate and potassium xanthate were separated from radioactive sulfur by 
utilizing their various solubilities in water. 

After separation of the accelerator, washing and drying to constant weight, 
its radioactivity was checked!’ with a Geiger-Mueller counter for soft 8 radia- 
tion. The determination” of the radioactivity in the accelerators recovered 
after interaction with radioactive sulfur serves as proof for the interaction of 
accelerator with sulfur during the cure and discloses the curing mechanism. 

The results of the isotopic exchange reactions of elementary sulfur and com- 
bined sulfur in accelerators and derivatives are summarized in Table I. They 
show the presence of an interaction between accelerators and sulfur acting as a 
curing agent. The accelerators isolated after interaction with radioactive sul- 
fur proved to be radioactive. The appearance of radioactivity here was a re- 
sult of the formation of unstable polysulfide combinations the decomposition 
of which brought about an isotopic exchange of sulfur atoms. The sulfur in 
the thiazole ring of MBT and the disulfide, MBTS, does not participate in the 
isotopic exchange. The sulfur of the mercapto group like that in the thione 
form proved to be mobile. Table I indicates also that ultra accelerators, such 
as xanthates, dithiocarbamates, and thiurams. are characterized by a more in- 
tense isotopic exchange at lower temperatures compared with that of accelera- 
tors in the thiazole and sulfenamide class. 

On the other hand, our results given in Table I show that 2-methylbenzo- 
thiazole, the methyl and benzyl ethers of MBT, 2-aminobenzothiazole, 0,0-di- 
ethylphosphorodithioic acid and its potassium salt, do not enter into isotopic 
exchange with elementary sulfur. Appropriate curing tests show that these 
compounds do not accelerate vulcanization. Thus, the inability of the sulfur 
atoms in them to exchange at curing process temperatures is closely related to 
their action as accelerators. Apparently the presence of mobile sulfur in an 
accelerator’s structure is a most important characteristic of effectiveness in the 
acceleration of cure and depends on the type of carbon-to-sulfur linkage. The 
isotopic exchange of sulfur atoms in many organic sulfur compounds has been 
the object of numerous studies. Thus, the influence of structure of organic 
sulfur compounds on their ability to undergo isotopic exchange was explored 
in work by Guryanova, Vasilyeva and Kuzina“. Such studies are very im- 
portant for the disclosure of the mechanism of accelerator action. These 
authors investigated the exchange of polysulfide sulfur with elementary radio- 
active sulfur and observed a big difference in behavior of the middle sulfur atoms 
(R—S—S*—S—R) of polysulfides with aliphatic and aromatic radicals. For 
instance the energy of activation for the exchange reaction amounts to 14.5 
keal/g mole with ditolyltrisulfide and to 27.3 keal/g mole with diethyltrisulfide. 
It was also demonstrated that the exchange of organic disulfides, for instance 
MBTS, with the corresponding thiol, MBT, does occur in the R—S group: 


RS*—S*R + RSH ————> RS*H + RS—S*R 
The conditions of exchange for the RS* groups, between disulfides and 


thiols, vary considerably from one system to another. Thus the exchange in 
the RS* groups of diphenyl] disulfides with thiophenol takes place with notice- 
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able speed even at 35°, while between p-nitrophenyl] disulfide and p-nitrothio- 
phenol at the same speed the exchange takes place not below 100° to 105°. It 
occurs with even greater difficulty in systems of compounds with aliphatic and 
benzyl radicals. A study of the dependence of reaction rate on the concentra- 
tion of the reacting compounds showed that the controlling stage is the decom- 
position of the disulfide into RS* radicals which, on colliding with the thiol 
molecules, abstracts from them a hydrogen atom and results in a tagged thiol 
molecule and an untagged radical RS. 

The substituents in aromatic disulfides (CH3, OCH3;, CsHs, and NO) exert 
a similar influence on the homolytic strength of the S—S bond which is inde- 
pendent of their polarity. In every case this S—S combination becomes 
stronger when compared with the unsubstituted disulfide. The authors 
studied the effect of molecular structure on the mobility of sulfur in C—S and 
C=S compounds. The sulfur in a C—S compound in most cases is exchanged 
with elementary sulfur with greater difficulty than is that in an S—S compound. 
The interchangeability of sulfur combined with carbon depends to a large 
extent on molecular structure. Thus, the sulfur of thiurams or that of the 
derivatives of 2-mercaptobenzothiazole which are accelerators enters into ex- 
change with elementary sulfur at 100° to 130° while the sulfur of thiophenol, 
butyldisulfide, and phenyldisulfide, which are not accelerators, does so only at 
200° to 230°. The activation energy for the exchange is an indication of the 
strength of the C—S bond and possibly is also one of the criteria for character- 
izing the ability of vulcanization accelerators to form radicals by rupture of the 
C—S bond". For instance, in the exchange of the following system the activa- 


Cl Cl 
Cl Cl 


tion energy amounts to 47.3 kcal/g mole, but in the exchange of accelerators, 
such as MBTS, MBT, or TMTD, with sulfur it amounts, respectively, to 23, 
24, and 21.5 kcal/g. In the esters of diethyldithiocarbamic acids contrary to 


R—N—C—S—R 


what occurs with the salts of these acids, or in corresponding thiurams, only one 
sulfur atom is exchanged. presumably the C=S sulfur. The second sulfur 
atom, namely, the one that is connected with the ethyl radical is not exchanged. 
The equations for an eventual mechanism of exchange reaction between sulfur 
atoms of the accelerators and vulcanizing agents are as follows. 


* 
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Unstable polysulfide I 


: 
| 
n 
/ 
S 
Thiol Thione 


RADIOACTIVE SULFUR IN VULCANIZATION 1039 


The unstable polysulfide can lose radiosulfur to reform MBT", or, it can lose 


§*,—:5 to form radioactive MBT: 
N 
of 


Thiol 


Ss 
Unstable polysulfide I 


Unstable polysulfide IZ 


N N 
= 
ny 


It is fully justifiable to assume—"!*.*.“4 that the bonds between sulfur 
atoms in the molecules of elementary sulfur are easily polarized. Therefore 
when a molecule of a compound having a polar bond C—S collides with a sulfur 
molecule having an 8s ring structure, an ionic or radical cleavage of —S—S— 
bonds occurs and the formation of an unstable polysulfide intermediate com- 
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* 
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pound takes place. The decomposition of this then leads to an exchange of 
sulfur atoms at which point sulfur appears in a reactive form and reacts with 
the rubber. Seen from this point of view, the sulfur in the C-to-S bonds of 
organic compounds must enter into an exchange with elementary sulfur at a 
rate that will be faster, the stronger the polarity of the bond. Of the com- 
pounds examined the C=S bond in potassium xanthate presents the highest 
polarity; in sodium diethyldithiocarbamate it is somewhat less and it is still 
less in mercaptobenzothiazole. The C=S bond in potassium xanthate" is 
obviously strongly polar because the S—K bond has an ionic character, and as 
a consequence of the shift of the electron cloud both sulfur atoms are charged 
negatively. The same may be said for sodium diethyldithiocarbamate. In 
this latter case, however, the negative charge on the sulfur atom in the C=S 
bond is probably smaller than in the xanthate salt because of the difference 
between the C:H;O and the C.H;N groups. In the potassium xanthate system 
there appears not only the conjugation but also a conjugation of the OC,H; 
bond with the C=S double bond, i.e., 


Such a conjugation in sodium diethyldithiocarbamate is undoubtedly less effect- 
ive because the OC.H; bond is more polar than the NCH, bond. 

The mobility of sulfur in accelerators is affected by polarity and distribution 
of charge in the molecules and it increases as the polarity of the bond between 
sulfur and carbon increases. Consequently the energy needed for the change 
of the accelerator molecules to an active state will be smaller, the larger the 
negative charge of the sulfur atom in its C=S bond“. 

Guryanova", who investigated the kinetics of the isotopic exchange of sul- 
fur atoms with MBT, demonstrated that with a change in sulfur concentration 
of from three to five times, the rate constant of the exchange reaction remained 
practically the same while a commensurate change in MBT concentration 
caused an almost proportionate change in the rate constant. Thus, according 
to the information supplied by that author, the apparent rate constant for the 
exchange depends first of all on the concentration of MBT and not of sulfur. 
It would seem that this exchange is not a simple bimolecular reaction but 
rather that it proceeds in stages, the slowest being the process of changing MBT 
into a condition capable of reaction. The fact that the rate constant is inde- 
pendent of sulfur concentration indicates that the exchange reaction proceeds 
faster and with less activation energy. Guryanova observed only an insignifi- 
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cant change in rate constant when the exchange between sulfur and the sulfur 
from MBT was compared in polar and nonpolar solvents. From this the 
author concludes that the speed of exchange between MBT and sulfur is deter- 
mined by a radical transformation of MBT rather than by a tautomeric one. 

The isotopic exchange of sulfur atoms of TMTD with elementary sulfur has 
been studied by Blokh™, Bresler'®, Guryanova™, Craig”®, Mochel*, and others. 
It was found® that during the curing of rubber an intensive isotopic exchange of 
sulfur atoms takes place which can be observed even at 100°, but that heating 
sulfur and MBT alone at this temperature for as long as 3 to 5 hours does not 
produce an isotopic exchange of sulfur atoms. According to Craig and others”, 
who studied the pyrolysis of radioactive TMTD at 100—200° all products of de- 
composition of the thiuram show the same radioactivity. On the basis of these 
results a conclusion was reached in regard to the equivalence of all the four 
sulfur atoms and TMTD was held to have the flat structure of a six membered 
ring. 

Studies of the dipole moment of TMTD indicate a nonsymmetrical struc- 
ture for the molecule because the dithiocarbamate groups may be connected at 
different angles at the S—S bonds. 

As we know, TMTD can cure rubber without sulfur. The energy of TMTD 
decomposition is not high, 36 kcal/mole, and so isotopic exchange can assume a 
radical character. According to Guryanova’s data“ the mechanism of isotopic 
exchange of sulfur atoms between TMTD and elementary sulfur unfolds ac- 
cording to the pattern: 


5 5 


(CHs)2 


+ 


The resulting radicals attack the tracer S*s, and as a consequence there occurs a 
separation of tracer sulfur from the S*; ring and its attachment to the radical: 
s* 
— N— Sts S*%s —N—c~ | 
Ss 
In such a radical the sulfur atoms are indistinguishable and equivalent. Fur- 
thermore through a new combination of two radicals, a TMTD molecule arises 
in which any one of the four sulfur atoms can be tagged thus: 
2(CHa)z— N 
Ss 
—> (CHs): —N—C— S* — S*— C— N — (CHs)2 


3 
a 
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Hence, the same interchangeability of all four sulfur atoms in the thiuram 
is a result of the chemical equivalence of both sulfur atoms in the radical. 

As regards the participation in the exchange of the second radical, i.e., the 
sulfenyl radical -SeC(S)N(CHs)2, it is in this case possible for a sulfur atom to 
separate with the formation of the dithiocarbamate, radical -SC(S)N(CHs)2, 
or for two sulfur atoms to separate to form another thiocarbamoyl] radical, 
-C(S)N(CHs)e. 

Bresler®, on the assumption of a bimolecular process of exchange, is of the 
opinion that in TMTD both sulfur atoms of the disulfide bridge are exchanged. 
This would take place in three stages. The first is a monomolecular decomposi- 
tion: 


(CH;):—N—C—S—S—C—N— (CH;): ——— 2(CH;):—-N—C: + —S—S— 


In the second, the thiocarbamoy! radical attacks the sulfur rings and splits 
away from them sulfur atoms, a process requiring only a little activation energy : 


(CH;):—N—C: + S*, + 


The third step leads to the formation of TMTD with tagged sulfur in the 
bridge: 


(CH;)2—N—C—S*—S* + (CH;): ———> 


—(CHs): 


Most likely, the decomposition of TMTD occurs at the S—S bond. This is 
confirmed by the formation of zinc dimethyldithiocarbamate during the TMTD 
cure of rubber without sulfur but in the presence of zinc oxide. The acetone 
extract of the TMTD vulcanizate (100 parts NR + 3 parts thiuram + 2 parts 
zinc oxide) obtained by a 30 minute cure at 125° was examined spectroscopi- 
cally. The ultraviolet absorption spectrum was very characteristic. Absorp- 
tion maxima appeared at wave lengths of 2800 and 2600 A while the original 
TMTD shows only one absorption band at 2650 A. As we know, only a single 
very wide absorption band corresponds to the thiuram monosulfide at around 
2750 A. Moreover, the results obtained cannot be ascribed to the formation 
of tetramethylthiourea because this compound shows a very narrow absorption 
band at about 2500 A. It was established that the spectrum observed for the 
TMTD reaction product is definitely identical with the absorption spectrum of 
zinc dimethyldithiocarbamate. In this case 70-76 per cent of the TMTD is 
converted into the zinc salt. By using a combination of solvents, alcohol and 
acetone, it was possible to isolate this product in a crystalline state in an amount 
of about 90 per cent of the amount detected by the spectograph. The identity 


5 5 
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of the precipitated product as pure zinc dimethyldithiocarbamate was estab- 
lished by an analysis for sulfur, nitrogen and zinc as well as by the close con- 
formity of the melting temperature, 247°. 

Bresler'® ascertained that the rate constant for the attachment of sulfur to 
rubber is the same as the rate constant of the isotopic exchange of sulfur with 
TMTD. The same activating energy in both processes and the conformity of 
the preexponential factors indicate that the rate of the curing process is deter- 
mined by the interaction of elementary sulfur, 8s, with the accelerator. The 
presence of substituent methyl groups in TMTD, as against butyl groups in 
TBTD, exerts no particular influence on the kind of sulfur combinations in the 
thiuram’. The velocity constant for the exchange of sulfur atoms at 130° 
was, in the case of TBTD, 0.14-10-*, which came very close to the level for 
TMTD which was 0.11-10-*: 

On the premise of the above representations in regard to the isotopic ex- 
change of sulfur with TMTD and for the results of the spectroanalysis, colori- 
metric and other analyses, it is possible to advance theoretical patterns for 
thiuram vulcanization” : 


1. The decomposition of thiuram into radicals and their entrance into the 
structure of rubber: 


2. The interaction between rubber molecules sulfurized with TMTD, ZnO 
and nonmodified rubber molecules with the elimination of zinc dimethyldithio- 
carbamate : 


H 


3 


3. Interaction of structurized rubber molecules among themselves with zinc 
oxide and with nonmodified sections of the rubber chain concurrently with the 
elimination of zinc dimethyldithiocarbamate and a further combination of the 
structural elements of rubber: 
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Thus, this assumed pattern explains the formation of the zine dithiocarba- 
mate as well as the partial consumption of TMTD during cure, all of which 
coincides with the results of the isotopic exchange and the spectroanalysis of 
the vulcanizates. 

A detailed pattern of thiuram curing has been given by Scheele, Lorenz and 
Dummer”. According to them vulcanization consists of the following steps: 


a. Decomposition of the thiuram into radicals: 
(8)SSC (S) 2R,NC(8)S- 


b. Activation of the rubber chains by hydrogen abstraction: 


CH; 
+ - ———— R.NC(S)SH 
CH; CH, 
+ —CH,C=CHCH— «——> 
c. Dimerization of the activated rubber molecules (i.e., the rubber radicals) 
thus leading to structurization of the system. There are three structures 
obviously possible for crosslinks formed in this way. 


d. Addition of the thiuram radical to the rubber molecule double bond to 
give a structure in which thiuram radicals participate: 


1044 RUBBER CHEMISTRY AND TECHNOLOGY 
| | 
H—C—S—R R—S—C—H 


RADIOACTIVE SULFUR IN VULCANIZATION 
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CH, 


cu,—¢—CH—CH, 
S—C—NR; 
R:N—C=8 

CH, CH; | 
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CH; CH; 
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In work by Dogadkin and associates*®* the character of sulfur-free vulcan- 
ization by radioactive MBTS (A) as well as by Sulfenamid BT (B) was estab- 
lished experimentally. The entrance of the decomposition products of MBTS 
and Sulfenamid BT, respectively, into the rubber structure was demonstrated 
analytically, that is by the determination of the bound sulfur and nitrogen in 
the vulcanized rubber, and, as well, by a measurement of the radioactivities: 


Blokh and Golubkova’, using the tracer technique, made a study of the 
interaction“* of MBT and TMTD as an example of a combination of accelera- 
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tors (the two-accelerator effect) for rubber compounding. For this purpose 
MBT tagged in the sulfhydril group was allowed to interact with inactive TMTD. 
At curing temperature exchange of sulfur atoms was demonstrated. The 
inactive TMTD became radioactive and the radioactive MBT lost much of its 
activity, demonstrating thereby interaction between the two accelerators. It 
is equally possible that along with an exchange of sulfur atoms there also occurs 
an exchange of groups (or of radicals) between the products of decomposition 
of the accelerators. 

The disclosure of the influence of substituents in the benzene ring of thiazole 
accelerators and their disulfides was most interesting and Harman®™ showed 
that the substitution of hydrogen in the sulfhydril group with various radicals 
has a strong influence on accelerating characteristics. The presence of groups 
CO, NH, NOs, OH, § or Cl in the substituent increases the activity, while the 
groups CH.CONH, CH.COO, CsHsCHe, and the aliphatic hydro- 
carbon radicals tend to produce derivatives which are not vulcanization 
accelerators. 

Isotope exchange studies were made of the effects of the introduction of 
nitro and amino groups into the benzene ring”* of MBT, of MBTS and of other 
disulfides. Accelerating properties were also examined. Blokh™, Guryanova 
and associates“, as well as Dogadkin and colleagues**“, explored the isotope 
exchange of sulfur atoms with MBT. Some amino and nitro derivatives of 
MBT and MBTS, substituted in the benzene ring, were produced and tested 
according to a standard recipe for rubber compounds based on SKB (poly- 
butadiene) and SKS (SBR): 


(32) 
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Nitrocaptax Aminocaptax 
(6-Nitro-2-mercapto- (6-Amino-2-mercapto- 
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NO: NO2 
NO2 
\A 
VI 
2,4-Dinitropheny! disulfide 


It was found that MBT derivatives I and II as well as the nitro derivative 
III of MBTS produce rubber of good physical and mechanical properties, in 
other words they are effective accelerators. These compounds participate 
intensively in the isotope exchange of sulfur atoms®*!, The disulfide com- 
pounds III, IV, V, and VI extend their effectiveness as vulcanizing agents to 
the sulfurless cure in SKB (sodium butadiene rubber) mixtures containing 
carbon black and kaolin. Disulfide compounds III, IV, V, VI, and others, 
offer great promise as curing materials for the production of heat resisting and 
insulating types of rubber. 


INFLUENCE OF SULFUR-FREE AUXILIARY COMPONENTS 


The effects of such important materials as zinc oxide, sulfur free accelerators 
containing nitrogen like diphenylguanidine (DPG), age resisters like phenyl-2- 
naphthylamine, and carbon black, on the isotope exchange of sulfur atoms are 
of particular interest. 

The role played by zinc oxide as an activator of organic accelerators in rub- 
ber curing is well known. It would be reasonable to assume that the isotope 
exchange of elementary sulfur with the sulfur in MBT or in a sulfenamid, in 


the presence of zinc oxide, takes place faster, if the intensity of that exchange 
characterizes the acceleration of the cure. Findings by Blokh®’ and Auerbach’, 
had the unexpected result of showing that the isotope exchange of sulfur atoms 
with the sulfur in MBT or Sulfenamid BT in the presence of zinc oxide drops 
precipitously. 

The exchange of sulfur with the sulfur in MBT in SKB during a 15 minute 
cure at 145° in the presence of zinc oxide dropped from 14 to 6 per cent. This 
apparent contradiction is easily explained. As is well known during the course 
of a cure in the presence of zine  xide, MBT forms the zinc salt of the mercapto- 
benzothiazole, involving a change in structure with respect to the sulfur atom. 
It would seem that during the conversion of MBT into the zinc salt we lose the 
possibility of a tautomeric transition. Thus the formation of the thione form 
of the C=S compounds which is essential to an exchange of the thiazole ac- 
celerator”’ is prevented. Therefore it must be assumed that the activation of 
the sulfur, even without an exchange, will consistently follow the path to a 
formation of an unstable polysulfide of zinc mercaptide and which, by decom- 
position, will separate sulfur in reactive form. This process takes place very 
intensively in the presence of amines”. 
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Zine dithiocarbamates do not participate in the isotope exchange either. 
The heating of radioactive sulfur with zinc dimethyldithiocarbamate (Zn- 
DMDC) for 60 minutes at 140° showed the absence of an isotope exchange of 
sulfur atoms”. According to Guryanova™!, a decomposition with separation 
of zine sulfide occurs in the exchange of zinc salts. Consequently the con- 
clusions of that author no longer characterize an exchange with zine dithio- 
carbamate but rather with the products of its decomposition. On the other 
hand the heating of a mixture”® consisting of 0.01 mole radioactive sulfur, 
0.01 mole ZnDMDC and 0.0005 mole TMTD in a xylene solution at 140° for 
30 minutes showed that the precipitated ZnDMDC retained 22 per cent radio- 
activity of the original sulfur. A study was also made of an isotope exchange 
involving the heating of 1 mole equivalent of ZnDMDC with 2 moleequiva- 
lents of radioactive TMTD in xylene for 60 minutes at 120-125°. The sepa- 
rated TMTD and ZnDMDC showed identical radioactivity. Therefore the 
absence of an isotope exchange of elementary radioactive sulfur with the sulfur 
of the ZnDMDC on the one hand and the existence of such an exchange in the 
presence of thiuram on the other may well indicate that apparently an exchange 
of the group radicals can take place, that is, that the combinations of sulfur and 
zinc atoms can transfer from one base of dithiocarbamate to another. Thus 
the accelerating effect of the zinc dithiocarbamates can be explained by the 
formation of an unstable intermediate product, a polysulfide, which decomposes 
when separating active sulfur fragments: 


R.N—C 


\ 


The role of the sulfurless, hydrogen containing accelerator DPG is generally 
known. In terms of accelerating properties it falls behind MBT. However 
the frequent use by industry of DPG and MBT, together, produces a consider- 
ably greater activity than is the case for either used separately. From the 
standpoint previously submitted one might expect that the intensity of the 
isotope exchange of sulfur atoms with the sulfur in MBT would increase greatly 
in the presence of DPG. Actually it was shown by one investigation® that 
the isotope exchange in the presence of DPG occurs at greater speed. The 
immediate interaction of sulfur Ss* with DPG by separation of hydrogen sulfide 
was demonstrated simultaneously. Apparently this leads to the formation of 
a polysulfide which constantly liberates an active modification of sulfur. These 
facts illuminate the mechanism of sulfur activation and of its transition from 
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the ring structure into the radical or ion structure which reacts with rubber 
under the influence the sulfurless DPG accelerator. Sulfur activation with 
diphenylguanidine can, presumably, be explained along the lines: 


CeHs — N 


S active 
= 
es Sm C 


HN — CoHs CeHs — NH 


CeHs 

S sctive 
Sm C 
Sk 


— HS 


CesHs — N 


In an interesting study Krebs*® mentions the mechanism of sulfur activation 
with amines by forming amine polysulfides which decompose with separation 
of active sulfur. 

Phenyl-2-naphthylamine (PBNA) which is an antioxidant and not an ac- 
celerator is different from DPG. The isotope exchange of the sulfur atoms 
occurs with the same intensity in its presence as in its absence”. In this con- 
nection when PBNA is sulfurized, it reacts with radioactive sulfur to liberate 
hydrogen sulfide. Without doubt the sulfurization of PBNA is important in 
evaluation of its protective properties and in the study of the kinetics of vul- 
canization. As already mentioned, zine sulfide and hydrogen sulfide are pro- 
duced during cure. Blokh*’ has shown that free sulfur and the sulfur from MBT 
enter into an isotope exchange with the sulfur from zinc sulfide and also with 
that from the hydrogen sulfide. From all these facts we can conclude that in 
the vulcanization of rubber not only elementary sulfur but also sulfur from all 
the sulfur containing components of a compound will participate in the isotope 
exchange, even of such components as are produced during the process?’ itself. 


THE INTERACTION OF CURING SYSTEM, RUBBER AND FILLER 


A method involving tracer atoms offers promising possibilities in the study 
of the adsorption processes in rubber mixes. By this method an attempt was 
made to establish the conditions under which stable bonds (possibly chemical) 
between the carbon black structure and sulfur are formed. It is not improbable 
that the interaction of sulfur and accelerator, namely the isotope exchange of 
sulfur atoms, takes place on the very large surface of the carbon black particles 
added to the compound. It is precisely on this surface that the active form of 
sulfur separates as a consequence of the decomposition of the intermediate poly- 
sulfide combinations of accelerator and sulfur. This sulfur is not only adsorp- 
tively and chemically attached to the microcrystalline carbon structure of the 
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carbon black, displacing oxygen and hydrogen combinations, but also is at- 
tached to the oriented film of rubber at the carbon black surface. 

The strength of the bond between carbon black and sulfur is best judged by 
these facts, as established experimentally : 


1. A mixture of carbon black and radioactive sulfur was heated at 145° for 3, 6 and 9 
hour periods. Thereafter, in order to separate the radioactive sulfur, the mixtures were 
heated in xylene for various periods. ad the bonds been weak, the sulfur would have 
gone into the solvent and the carbon black would have lost its radioactivity. After 
three hours, however, not all of the radioactive sulfur attached to the carbon black could 
be extracted from it, and as the heating time was lengthened the quantity of sulfur that 
could not be detached increased. 

2. A mixture based on polyisobutylene rubber P-200 was pre’ . The following 
are parts by weight: rubber 100, carbon black 60, radioactive sulfur 3, MBT 1.8, zinc 
oxide 5, and stearic acid 2.5. ‘The mixture was heated at 145° for two and four hours, 
respectively. To separate the rubber and other components and to remove the carbon 
black the mixture was treated with solvents. The carbon black was washed repeatedly 
with fresh benzene, dried and tested for radioactivity. The carbon black was found to 
be radioactive because of the presence of strongly bound sulfur. It was calculated 
tentatively that as much as 70 to 80 per cent of the sulfur used adhered to the carbon 
black surface. 

3. The isotopic exchange of sulfur atoms on the surface of carbon black particles is of 
—— interest. Sulfur (radioactive) and carbon black were coprecipitated from 

nzene solution, the benzene being evaporated at room temperature. The same carbon 
black was then coagulated from an alcohol solution of mercaptobenzothiazole, the alcohol 
being evaporated. Finally the mixture of carbon black, sulfur and MBT was heated at 
130° for 60 minutes. A control test was made in a solution free from carbon black, under 
similar conditions. The activity of the MBT isolated from the carbon black mixture 
was 1260 counts per minute, while that of the MBT from the solution was only 580, thus 
showing that the isotopic exchange on the surface of carbon black is much more inten- 
sive. The carbon black from the mixture was treated for 100 hours with large quantities 
of benzene in order to separate any free radioactive sulfur. It was then dried and tested 
for radioactivity. It still showed a residual radioactivity of 19.3 per cent based on the 
mixture before extraction. An approximate calculation indicated that in this test - to 
18.4 per cent of the original radioactive sulfur combined with the carbon black. These 
facts signify that the sulfur not only forms a strong chemical bond with the film-like 
rubber on the surface of the carbon black but that it also combines very firmly with the 
carbon black. The vulcanizate structure must therefore include not only rubber and 
sulfur but carbon black as well. It is on the filler surface that the isotopic exchange be- 
tween sulfur and accelerators and the elimination of active sulfur takes place. This is 
confirmed by the fact that a preliminary thermal activation of the black, sulfur and MBT 
mixture at 130 to 150° for 1 to 4 hours, followed by mixing with rubber and cure will 
result in an enhanced vulcanization and produce rub oiuile possessing better physical 
and mechanical characteristics. 


MOBILITY OF SULFUR BONDS AND MIGRATION 
PROCESSES IN THE VULCANIZATE 


In an analysis of the available experimental material relating to the isotopic 
exchange of sulfur atoms in organic compounds and their accelerating action 
during cure we must point out an apparent contradiction®. This is that an 
isotopic exchange with sulfur is over after a few hours while the cure of most 
rubber products requires less than one hour. This contradiction is dispelled 
if we consider that sulfur in a rubber compound even under curing conditions 
is in the form of 8-atom rings'®. During vulcanization and interaction between 
sulfur and accelerator there develops an unstable polysulfide intermediate com- 
pound. The formation of the thiuram tetrasulfide was detected by Klebanskil® 
and that of benzothiazolyl tetrasulfide by Dogadkin™*. So, for instance, we may 
imagine the polysulfide from mercaptobenzothiazole resulting from the isotope 
exchange with sulfur to have the following structure: 


4 
a 
os 
ig 
| 
x 
= 


RADIOACTIVE SULFUR IN VULCANIZATION 


s*—S*—S*—S 


\ — s* — s# — S* 


For an exchange of sulfur atoms, a separation of S*--S groups is essential 
which means the cleavage of the strong C—S bonds. For the structurizing of 
the molecular rubber chains a cleavage of 1 to 2 sulfur atoms from the poly- 
sulfide chain is sufficient, that is, a splitting of the weaker —S—S—S— bonds. 
Thus there takes place during vulcanization along with an isotope exchange a 
faster process of progressive dissociation of the intermediate compounds with 
separation of the sulfur atoms in a reactive form. 

The isotope method makes it possible to regard in a new light the question 
of the mobility of sulfur contained in the structure of a vulcanizate. One of 
the earliest mentions of the different nature of mono and polysulfide bonds in 
rubber, as resulting from cure with sulfur and various accelerators, is found in 
the interesting work of Dogadkin and Tarasova™. Their study was made of 
the isotope exchange of sulfur from the structures of MBT, MBTS, TMTD, 
ZnDMDC, or Sulfenamid BT, with the sulfur that is variously bound with the 
polymer in soft and hard rubber™:?’? cures. Their study disclosed that the 
sulfur of mono and disulfide bonds in a TMTD vulcanizate during hot immer- 
sion of the stock in a solution of accelerators tagged with radio sulfur did not 
enter into any exchange reaction®’**. This finding shows the immobility and 
stability of these sulfur bonds. A different picture resulted from the investiga- 
tion of soft and hard rubber™-*?*® containing polysulfide sulfur bound to the 
polymer. In this particular case during the immersion of soft or hard rubber 
in solutions of accelerators at 78 to 138° we observed an intense isotopic ex- 
change of sulfur atoms from the accelerators with the sulfur atoms from the dis- 
assembled polysulfide units. The participation of exchanged atoms varied, 
according to circumstances, from 12 for soft rubber to 22 per cent for hard rub- 
ber. This vouches beyond any doubt for the mobility of the polysulfide bound 
sulfur both in soft and hard rubber and is of considerable significance for the 
usefulness of this material**. During this same work we recognized experi- 
mentally a combination of radioactive MBT with the rubber structure during 
cure®, 

Bresler, Kushner and Saminskii® carried out an extended inquiry into the 
mobility of polysulfide sulfur in soft and hard rubber. These authors worked 
out a diffusion method for the investigation of the mobility of sulfur bonds and 
established a mathematical procedure for quantitative measurements. De- 
tailed descriptions of this diffusion method are given'®**. On the premise that 
the energy in the cleavage of the polysulfide bond is not high and that under 
conditions of cure it amounts to only 27,000 plus or minus 500 cal/mole, as 
they indicate, the polysulfide bridge which is only 10-20 sulfur atoms long is 
easily dissociated. The mobility of the bound sulfur which occurs through a 
chemical dissociation of the polysulfide chains and their attachment to other 
unsaturated bonds of sulfur or rubber, is referred to by the authors as chemical 
diffusion. 

The complete diffusion method'*.® for investigating the curing of rubber and 
the mobility of polysulfide sulfur with the aid of radioactive sulfur consists of 
the following: pulverized radioactive sulfur is brought into contact with the 
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vulcanizate, or conversely, a vulcanizate prepared with the aid of radioactive 
sulfur may be brought together with an ordinary vulcanizate or uncured rubber, 
in a special metal thermostat which is sealed hermetically. During the heat- 
ing process free radioactive sulfur diffuses into the rubber, or, conversely is 
freed and rebound. The radioactive polysulfide sulfur bound with the rubber 
diffuses into the ordinary rubber with which it has come in contact. Eventu- 
ally a steady state is reached. Then, with the aid of a Geiger-Mueller counter, 
the radioactivity of the opposing surface of the rubber sample, i.e., the receiver, 
is measured. The results, with the aid of a standard curve, are used to calcu- 
late the diffusion coefficients and the sulfur concentration. It may be men- 
tioned here that, guided by the diffusion method and with the help of radio- 
active sulfur, Auerbach and Gehman“ explored such technologically important 
questions as the blooming of sulfur, solubility, and diffusion. 

Bresler*®® demonstrated that the degree of dissociation of the migrating poly- 
sulfide sulfur at 100° is 3 per cent and at 160° is 22 per cent. As was to be ex- 
pected the coefficient of chemical diffusion was considerably smaller than the 
coefficient of diffusion of the free molecularly soluble sulfur and amounted to 
1.82- 10-7 cm*/sec for natural rubber at 151° and to 1.10-10~7 em?/sec for SKB. 

It was found that the amount of radioactive sulfur diffusing into the top 
layer of rubber making contact, the receiver, was large only if that layer was 
vulcanized. If the top layer was raw rubber only a small amount of radio- 
active sulfur penetrated. 

The experimental results*:?’? of the isotopic exchange of labile polysulfide 
sulfur bound with rubber with the immobile sulfur in the —C—-S—C— and 
—C—S8—S—C— combinations were confirmed in later work®’**. Tikhomirova 
and Kuzminskii*’, who studied the mobility of sulfur bonds dependent on the 
types of accelerators and on the agents used to counteract oxidation in accord- 
ance with the method of tracer atoms, obtained some very interesting results. 
They established that: 


1. In all sulfur vulcanizates labile sulfur bonds are present which are easily cleaved 
regardless of the type of accelerator used; the number of mobile sulfur bonds is deter- 
mined by the type of accelerator; and, the number of labile bonds is negligible in the 
presence of TMTD. 

2. The content of mobile sulfur bonds in the vulcanizates remains the same regardless 


of the —_ of material used to counteract oxidation, namely, PBNA or diphenylamine. 
_ _3. The relative number of mobile sulfur bonds diminishes as the curing temperature 
is increased. 


Tarasova, Kaplunov and Dogadkin*® investigated exchange reactions in vul- 
canized rubber according to the diffusion method and obtained data on the 
isotopic exchange between the sulfur structures of vulcanizates. The authors 
showed that the exchange of sulfur atoms between vulcanizates that come in 
contact with one another takes place either through intermolecular interaction 
of colliding polysulfide groups of different vulcanizates or through the splitting 
off of sulfur radicals with subsequent penetration into and attachment to the 
vulcanization structure. Further tests made by the authors disclosed that 
the diffusion of sulfur groups is negligible. 

The decomposition of polysulfide bonds occurs, without any doubt, through 
the separation or even the removal of sulfur compounds during lengthy cures in 
heaters, reclaiming operations and thermal aging of rubber of various com- 
pounds. It is unavoidable that the quality of rubber stocks, testpieces of 
which lie close to one another, will be affected. The truth of this was demon- 
strated in the following experiment. Some radioactive vulcanizates were 
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made with polysulfide bonds, 8*. Strips from them were hung from glass 
tripods under a glass bell. At a distance of 1 cm from them were placed sheets 
of nonradioactive vulcanizates of identical composition. The glass bells were 
heated in a thermostat at 70, 100 and 140°. Every strip was then tested for 
radioactivity. At 140° radioactivity dropped 15 per cent in one hour, 26.5 per 
cent in six hours and in 13 hours 36 per cent. At 70° the reduction was 4.3 per 
cent after 25 hours and 13.9 per cent after 62 hours. In the originally nonradio- 
active sheets a radioactivity within a range of 75 to 320 counts per minute was 
observed. The formation of hydrogen sulfide was also analytically detected. 


OTHER STUDIES 


Finally we wish to call attention to the utilization of sulfur tracer atoms in 
the solution of concrete technical problems. One study® demonstrates the 
possibility of the distribution of sulfur between rubber stocks, the likely migra- 
tion of sulfur from one compound to another during the storage of raw mixtures 
on shelves or in transit, and the migration of sulfur from the carcass to the tread 
during the vulcanization of rubberized tire cords. Inquiries into the diffusion 
of sulfur and accelerators during the vulcanization of multiple-ply articles like 
tires, cables and similar products also offer considerable interest. The study™ 
of sulfur diffusion from tubing to insulating stock containing TMTD, as in a 
cable, serves as an example of the emergence of an increased concentration of 
diffused radioactive sulfur into the microscopic contact layers between two 
different types of stock. Here an intense isotopic exchange occurs, and new 
sulfur structures are formed in the bordering layer. This will cause various 
types of injuries to the contact surface, such as cracking, stratification, etc. 
It was shown that neither talc, nor a rubberized fabric, nor even polyvinyl- 
chloride nor polyethylene can protect the rubber mixture against the migrating 
sulfur. These findings are of real practical value to the entire industry. The 
utilization of tracer atoms and of radioactive isotopes by the rubber industry 
should promote future technical progress. 

An isotopic exchange among accelerating and vulcanizing substances ob- 
tained at room temperature under the influence of gamma rays from Co 60 is 
of particular significance. 
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THE REACTION OF SULFUR AND SULFUR COMPOUNDS 
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WITH MONO-OLEFINS 
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INTRODUCTION TO PARTS VIII-XI 


Earlier Parts of this series'~* reported the partial separation and identifica- 
tion of the complex products of certain sulfur-olefin and related reactions 
chosen as models for examining the mechanism of vulcanization of natural and 
synthetic rubbers by sulfur. The main conclusion was that sulfur-olefin inter- 
action proceeds by free-radical chain processes, and this has been quoted else- 
where’ and widely accepted. 

Results are now presented which extend and correct the earlier findings and 
lead to the different mechanistic conclusion that the reactions are polar in type, 
involving heterolysis of S—S and C—H bonds. This paper and Part XI deal 


with the products of the reactions of sulfur with mono-olefins and a 1,5-diolefin’, 
respectively, and Part X°® presents a complementary kinetic investigation, the 
first for such reactions. All the experimental evidence is collated in Part XI® 
in a general theory of sulfur-olefin interaction. 


Reaction of sulfur with mono-olefins at about 140°.—Previous workers*!- 
have reported that the products are mainly polysulfides R-S,- RH: in which the 
hydrocarbon attachments are alkenyl (R) and alkyl (RH:), as deduced from 
elementary analyses and from the results of degradation with ozone". Ozon- 
ization was, however, of limited diagnostic value, since the method was applied 
before the response of different sulfide units to ozone had been ascertained". 
The comparable use of methyl iodide“ is also inadmissible since its reaction 
with sulfide to yield trimethylsulfonium iodide is nonspecific'® with respect to 
the structures of R and R’ in R-S-R’ and occurs to negligible extent with di 
and polysulfides"®. 

The products of the sulfuration of differently substituted alkenes (l-octene 
cyclohexene, 2-heptene, 2-methyl-2-pentene, 1-methyleyclohexene, and 2,6- 
dimethyl-2-octene) have now been examined in greater detail, and their 
structures determined by a combination of conventional analyses, hydrogenoly- 
sis by reaction with lithium aluminium hydride", and spectroscopic comparison 
of original and hydrogenolysis products with synthetic reference compounds. 

Reaction of sulfur with 1-octene.—At 140° complete combination of the sul- 
fur (0.350 g-atom/mole) occurs in 14 hr (see also Part X)*. The product con- 
sisted of (i) unchanged olefin, spectroscopically identical with the original 
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material, (ii) a small quantity of a volatile sulfur compound, probably 1,2- 
epithio-octane, and (iii) the main product, ‘‘octene polysulfide.” 

The polysulfide had an average composition (CgH6.182.33)2.12, apparently 
indicative of two octene units joined by a polysulfidic link, with the retention 
of the H:C ratio of the original olefin. The inference that on the average one 
octyl and one octenyl group are present per molecule (cf. Refs. 2 and 12) is, 
however, incorrect since the infrared spectrum showed the polysulfide to be 
predominantly saturated, there being no vinylic (CH2:CHR) unsaturation 
and a maximum of 0.22 double bond as trans-CHR:CHR’ group per molecule. 
On hydrogenolysis, only 45% of the total sulfur was liberated as hydrogen sul- 
fide (an octenyl octyl polysulfide of the above composition should yield ca. 
60%), and the remainder was located in (a) a monothiol fraction, mainly octane- 
2-thiol with a minor amount of an unsaturated thiol having trans-CHR:CHR’ 
groups, (b) octane-1,2-dithiol, (c) a monosulfide comprising dioctyl and/or 
octenyl octyl sulfide, and (d) a high-boiling fraction whose analyses indicated 
formula (CgHi5.681.0)2.4. No evidence for the presence of octane-1,3-dithiol 
could be obtained; oxidation of the dithiol fraction and attempts to detect the 
formation of the disulfide (I) by the characteristic ultraviolet absorption of the 
1:2-dithiolan ring system! were unsuccessful. 


(I) 


au * 

On less complete evidence, it had previously been inferred” that the dithiol 
results from the hydrogenolysis of polymeric polysulfides typified by (II). 
The observed composition of the bulk polysulfide precludes the presence of ap- 
preciable amounts of such structures unless (i) the ebullioscopic method for 
determining the molecular weight gives an erroneously low value, or (ii) prod- 
ucts of low molecular weight, containing only one olefinic unit per molecule, are 
also present. Both these possibilities have been investigated and must be dis- 
missed : the ebullioscopic method shows no anomalous features when applied to 
authentic di- and poly-sulfides, and fractionation of the total polysulfide yields 
no material containing single olefin units. Further, the relative molar yield of 
mono- and di-thiols of 1.1:1 is incompatible with their derivation from a struc- 
ture (II). The dithiol could result from hydrogenolysis of an alkenyl alkyl 
structure CgHj7-S.z-CsHis (one double bond), followed by combination of the 
hydrogen sulfide and octenethiol produced, but this would be at variance with 
the spectroscopic data, and with negative results from experiments to test the 
formation of dithiols by secondary reactions during the hydrogenolysis of 
authentic alkenyl alkyl and dialkenyl polysulfides. Thus, the hydrogenolysis 
of di(cyclohex-2-enyl) polysulfides gives solely hydrogen sulfide and cyclohex- 
2-ene-1-thiol. 

The only remaining explanation is that the dithiol is primarily derived from 
products composed of two hydrocarbon units joined by sulfur bridges in such a 
way that one or both units have more than one sulfur attachment, i.e. (III) or 
(IV). On hydrogenolysis, a compound (IV) would yield only the observed 
octane-1,2-dithiol, but a compound (III) would be expected to give the 1,2- 
and the 1,3-isomers unless scission of the epithio-ring is specifically oriented. 


S Ss (IV) 
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Such orientation is unlikely, and positive evidence favoring structure (IV) has 
been obtained by treating the polysulfide with potassium hydrogen sulfide. 
A product (V), (CsHy6.181.4)3, resulted, which was practically free from thiol 
groups and polysulfide units greater than Se. Hydrogenolysis of product (V) 
yielded a Cg thiol, octane-1,2-dithiol, dioctyl and/or octeny! octyl sulfide, and a 
polymer (CgHj5.351.1)3.6, i.e., products similar to those obtained likewise from 
the parent polysulfide. The observed transformations are consistent with the 
attack of HS~ ions on the S—S bonds in compound (IV), but not with attack 
on a structure (III), which would give, inter alia, a product containing free 
thiol groups, disulfide or shortened polysulfide linkages, and hydrocarbon units 
with three sulfur atoms directly attached to them, and on hydrogenolysis would 
give either an octanetrithiol or a dimercaptodioctyl monosulfide. Evidence 
based on other related aspects of episulfide reactivity” is also against the pres- 
ence of compound (ITI). 


[ 


YreLps oF HypRoGENOLYsIS PrRopuUcTs FROM OCTENE POLYSULFIDE AND 
THE SULFURATED Propuct (V) (MoLe or Reactant) 


Mono- Di- Mono- Recovery, 
Reactant HS thiol thiol sulfide Residue wt % 


(CyH 16. 1S2.33)2.12 2.3 0.62 0.60 0.15 0.17* 90 
(V); (CsHie.181.4)s 0.16 0.71 1.25 0.30 0.05¢ 94 


* Average composition (CsHis.081.0) 2.4. 
+ Average composition (CsHis.s81.1) a6. 


The monosulfide and the high-boiling fraction (d) obtained after hydro- 
genolysis of the parent octene polysulfide (p. 1059) appear to be original con- 
stituents of the latter and not derived products. The monosulfide is dioctyl 
sulfide and/or octenyl octyl sulfide, formation of the former paralleling that of 
dicyclohexy] sulfide in the corresponding sulfuration of cyclohexene®. The 
fraction (d), (CsH15.651.0)2.4, on the basis of its predominantly saturated na- 
ture, its low thiol content, and its resistance to hydrogenolysis (confirmed by 


Sa— 
Ss 


(VII 


independent experiment) appears to be mainly Compound IV (a = b = 1), 
mixed with minor amounts of Compound II (x = y = 0; n = 1) and a mer- 
captomonosulfide, CsgHi;-S-CgsHie-SH, the latter being derived from (II; 
z=0,y 21;n=1). The resistance of the C—S bonds in Compounds IV 
(a = b = 1) and II (c = y = 0; n = 1) to hydrogenolysis is comparable with 
the resistance of C—S bonds in monolsulfides and in the polymer (CHS), 
obtained from 1,2-epithio-octane”. 

After allowance for loss on isolation, the yields of hydrogenolysis products 
recorded in Table I allow a semiquantitative analysis of the octene polysulfide 
to be made as follows: octenyl octyl polysulfide (VI; z = 6.7), 25 mole %; 
(IV; a+ 6 = 6.7), 30 mole %; dioctyl- and/or octenyl octyl sulfide, 15 mole 
%; TI; R = R’ = R” = G;2+y = 4.7, n = 1), 15 mole %; and a mixture 
of (IV; a=6b=1) and (II; R= R’ =R” =G; tz=y=0, n=1), 15 
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mole %. The elementary analysis and bulk unsaturation of this mixture agree 
with the above values. Similarly, the product (V) obtained on reaction with 
hydrosulfide (see above) appears to consist of compounds: (II; R = R’ = R” 
= (Cy; = 3.9; n = 1), 15 mole %; (11; R = R’ = R” = 
1.95; n = 2), 25 mole %; dioctyl and/or octenyl octyl sulfide, 30 mole %; 
(VII;a+b+c = 5.9), 25 mole %; and nonreducible material (CgH45.381.1)3.6, 
5 mole %. This composition fulfils the analytical requirements and is also in 
accord with the derivation of (V) from the parent polysulfide. 

The above structures, while in agreement with the hydrogenolysis and ana- 
lytical data, are to some extent arbitrary in respect of molecular complexity 
and length of the polysulfide linkage. The compositions detailed above should 
be regarded as typifying the relative contributions of the various generic 
structures whose presence is experimentally well founded. 

Reaction of sulfur with sym-dialkyl- and trialkylethylenes.—The average com- 
positions of polysulfides formed from these olefins conform to the pattern ob- 
served with l-octene, viz., the major constituents consist of two hydrocarbon 
units joined by either one or two chains of sulfur atoms, with the C:H ratio of 
the parent olefin retained (Table II). Likewise, spectroscopic examination 


II 


CoMPOSITIONS OF OLEFIN POLYSULFIDES, AND YIELDS OF HyDROGENOLYSIS 
pucts (MoLe oF 


Molar 
ratio 
mono- 


Polysulfide i to di- Recovery, 
from Formula iol thiol thiol HS Residue wt. % 


Oct-l-ene (CsH ie. 182.33) 2.12 ‘ | 2.3 0.32 90 
Cyclohexene (CaH9.98 5 67:1 — 0 63 
Hept-2-ene 77) 22 — 

2,6-Dimethyloct-2-ene 20. 1.47:1 2.88 ~100 
1-Methyleyclohexene (C7H12. 0S2.68) 2.17 2.3 31 2.90 12 84 
2-Methylpent-2-ene (CoH 12. 082.18) 2.06 3.7 :1 2.30 .05 S84 


reveals that the total unsaturation present is in all cases less than is required 
for alkenyl alkyl structures. The residual unsaturation of the several poly- 
sulfides is not uniform, however, and varies in the order: 2-methylpent-2-ene 
>1-methylcyclohexene > cyclohexene > hept-2-ene > oct-l-ene. (2,6-Di- 
methyloct-2-ene is not included in this series as the spectroscopic analysis is 
less accurate.) 

Hydrogenolysis of the polysulfides gave hydrogen sulfide, mono- and dithiols 
containing one olefin unit per molecule, and higher-boiling material containing 
sulfurgroups resistant to lithium aluminium hydride. The following conclu- 
sions can be drawn about the nature of these products: (i) the monothiols are 
partly unsaturated ; (ii) the saturated monothiols derived from the polysulfides 
of the trialkylethylenes are tertiary; in no case has the secondary isomer been 
identified ; (iii) the dithiols are saturated, and by analogy with the formation of 
octane-1,2-dithiol from ‘‘octene polysulfide”’ are believed to have the thiol 
groups on vicinal carbon atoms. The dithiol obtained from “‘cyclohexene poly- 
sulfide” gave on treatment with benzaldehyde a phenyldithiolan, m.p. 133— 
134°, different from the hexahydro-2-phenylbenzo-1,3-dithiol (VIII),m.p. 115.5° 
(see Culvenor et al*'), and yielded a trithiocarbonate, m.p. 99-99.5°, different 
from the compound (IX), m.p. 169° (see Culvenor et al.”). As the dithiol 
used by these authors was almost certainly the trans-form it is inferred that the 
dithiol now obtained is cyclohexane-cis-1 ,2-dithiol. 
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The above findings indicate that the polysulfides listed in Table ITI are 
composed of constituents similar in type to those present in octene polysulfide, 
viz., alkenyl alkyl polysulfides, cyclic structures (X; R = R’ = alkyl; R” 
= H or alkyl; R’” = H) analogous to (IV), and polymeric compounds (II). 
The yields of hydrogen sulfide, mono- and dithiols, and nonreducible sulfur- 
compounds obtained on hydrogenolysis (Table II) show that the polysulfides 
from the di- and tri-alkylethylenes contain a higher proportion of the alkenyl 
alkyl polysulfide and a lower proportion of the cyclic and polymeric structures, 
(X) and (II), respectively, than the products from oct-l-ene. The order in 
which the alkenyl] alkyl polysulfides are formed preferentially is: 2-methylpent- 
2-ene > 1-methylcyclohexene > cyclohexene > 2,6-dimethyloct-2-ene > oct-1- 
ene, which parallels the order of retention of the olefinic unsaturation in the bulk 
sulfurated product. As for ‘‘octene polysulfide,” it is possible to calculate the 
approximate compositions of those polysulfides for which the product recovery 
on hydrogenolysis approached 100% (Table III). 


Taste IIT 
APPROXIMATE ComposITIONs OF BuLK PotysuLripes (MoLe FRAcTION) 


Value 
Alkyl-S-- Residual of x 
Polysulfide from alkenyl (X) dD RSR’ material (a+b) 


2-Methylpent-2-ene 0.80 0.15 0 — 0.05 4.55 
1-Methyleyclohexene 0.60 0.20 0.10 — 0.10 6.1 
2,6-Dimethyloct-2-ene 0.45 0.35 0.20 — — .60 
Oct-1-ene 0.25 0.30 0.15 0.15 0.15 6.7 


Olefinic structure of the polysulfides—Spectroscopic examination of the 
“octene polysulfide”’ shows that the unsaturation present is wholly of the type 
CHR:CHR’, there being none of the vinylic type of the parent olefin; only 
trans-CHR:CHR’ groups have been identified, but the cis-isomer cannot be 
definitely excluded on the available evidence. This complete double-bond 
shift is a special feature of the oct-1-ene system which is not observed with the 
other unsymmetrical olefins studied. The polysulfides from the trialkylethyl- 
enes show only minor changes in unsaturation type, there being only small 
amounts of the CHR:CHR’ and CH::CRR’ forms present. Ultraviolet 
spectra show the absence of vinyl sulfide groups, C=C-S,-. 


EXPERIMENTAL 


Preparation of materials—Sulfur was purified by Bacon and Fanelli’s 
method*. Oct-l-ene and hept-2-ene were Phillips Petroleum Company “Pure 
Grade” materials. The other olefins were prepared by standard methods and 
were analytically and spectroscopically pure. 

General procedures.—(1) Hydrogenolysis of polysulfides—The polysulfide 
(10 g) in dry tetrahydrofuran (50 ml) was added slowly with stirring to lithium 
aluminium hydride (3-5 g) in tetrahydrofuran (100 ml) and the mixture refluxed 
for 4-6 hr. Excess of reagent was destroyed with ice, and the products were 


1059 
@ 
20 
an 


1060 RUBBER CHEMISTRY AND TECHNOLOGY 


hydrolyzed with 2N-sulfuric acid (200 ml). The thiols were extracted with light 
petroleum, the extract was washed with water and dried (Na2SO,), the solvent 
was carefully removed through a column, and the thiols were fractionated. 

(2) Determination of “removable sulfur” in polysulfides—‘Removable 
sulfur’, defined as the percentage of total sulfur in the polysulfide liberated as 
hydrogen sulfide by hydrogenolysis with lithium aluminium hydried, was deter- 
mined as previously described!. 

(3) Determination of thiols —The thiols (10-20 mg) in aqueous ethanol (100 
ml, 95%) was titrated against aqueous 0.01N-silver nitrate and the endpoint 
determined by the amperometric method*. 

(4) 2,4-Dinitrophenyl sulfide derivatives of thiols —These were prepared by 
the method of Bost, Turner, and Norton”. 

(5) Molecular weights were determined ebullioscopically in benzene. 

(6) Spectrometric analysis.—Infrared spectra were recorded on a Grubb- 
Parsons single-beam spectrometer with a rock salt or lithium fluoride prism, or 
on a Hilger H.800 spectrometer. Ultraviolet absorption spectra were deter- 
mined in ethanol or cyclohexane with a Hilger Uvispek spectrophotometer. 
Unsaturated groups were identified by the characteristic bands of the olefinic 
v(C:C) and 6(CH) vibrations”, and (unless stated otherwise) were estimated in 
CCl, or CS: solution by reference to the absorption characteristics of the 6(CH) 
band of relevant olefins. Identification of the types of C—S linkages in the 
polysulfides and their hydrogenolysis products was based on the infrared 
spectroscopic characteristics of synthetic thiols, sulfides, and polysulfides. 
The absence of conjugated olefinic unsaturation was based on the absence of 
absorption at ~ 2400 A; the absence of the C=C-S,-chromophore in the poly- 
sulfides was established by comparison of their ultraviolet absorption character- 
istics with those of authentic saturated and unsaturated mono- and polysulfides. 

Reaction of oct-1-ene with sulfur.—This is described in detail as illustrative 
of the procedure used with all the olefins listed on p. 1055. The olefin (101.6 g) 
and sulfur (10.16 g) were heated together in vacuo at 140° + 0.1° for 14.0 hr. 
No sulfur was deposited from the product during 24 days at —20°. Evapora- 
tive distillation of the product at <50°/<10-* mm gave: (i) unchanged olefin 
(83.09 g), n% 1.4092 (Found: C, 85.5; H, 14.3%), which contained only CH: 
CHR groups and was devoid of conjugated unsaturation; (ii) a volatile fraction 
(3.10 g) which was fractionated further into (iia) oct-l-ene (2.10 g), n# 1.4095 
(Found: C, 85.8; H, 14.2; 8, 0.2%), and (iib) a yelllw liquid (0.42 g) (Found: 
C, 66.6; H, 10.8; 8, 21.9; thiol-S, 0.4. Cale. for CsHi6S: C, 66.6; H, 11.2; 8, 
22.2%), which was predominantly saturated, devoid of thiol and thioketone 
groups, and shown by infrared spectral analysis to be mainly 1,2-epithio-octane ; 
and (iii) “octene polysulfide” (24.84 g), a dark brown liquid residue, nj§ 1.5611 
(Found: C, 51.4, 51.7; H, 8.6, 8.8; 8, 40.0, 40.3; “Removable sulfur”, 44.8, 
45.3%; M, 412, 410. Corresponds to (CgHj6.1S8e.33)2.12 ], which was largely 
saturated. 

The polysulfide (iii) (10.02 g) with lithium aluminium hydride (4.76 g) gave 
the following thiol fraction : (iiia) b. p. 71-75°/17 mm, n® 1.4564 (2.09 g) 
(Found: C, 66.0; H, 12.0; 8, 21.9; thiol-S, 22.6; C: H, 8: 17.3. Cale. for 
CsHicS: C, 66.6; H, 11.2;8, 22.2. Cale. for CgHisS: C, 65.7; H, 12.4;8, 21.9%) ; 
(iiib) b. p. 75-110°/17 mm., n%9 1.4817 (0.26 g) (Found: thiol-S, 30.8%) ; (iiic) 
b. p. 55-56°/0.08 mm, n?9 1.5004 (2.12 g) (Found: C, 54.5; H, 10.3; 8, 35.9; 
thiol-S, 36.4, 36.6; C: H, 8: 18.0. Cale. for CgHisSe: C, 53.95; H, 10.15; 8, 
35.95%) ; (iiid) b. p. 56-110°/0.08 mm, n¥ 1.4779 (1.29 g) (Found: C, 67.6; H, 
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12.0; S, 20.6; thiol-S, 12.9, 13.2%; M, 220, 240. Cale. for 43: 57 mole % mix- 
ture of octanedithiol and dioctyl sulfide; C, 67.4; H, 12.2; S, 20.4; thiol-S, 
12.3%; M, 224); and (iiie) a residue, nj 1.5075 (1.42 g) [Found: C, 65.3; H, 
10.7; 8, 22.2; thiol-S, ~6%; M, 330,260. Corresponds to (CgH15.681.02)2.39 J. 

Examination of the hydrogenolysis fractions.—Fraction (iiia) was mainly 
saturated, although absorption at 967 cm™ could be due to up to 0.20 double 
bond as trans-CHR:CHR’ group per mole. Fraction (iiia) gave a 2,4-dinitro- 
phenyl sulfide which was separated chromatographically into: (a) 2,4-dinitro- 
phenyl 1-methylheptyl sulfide, m. p. and mixed m. p. 44-45° (Found: C, 53.7; 
H, 6.3; N, 8.9. Cale. for Cj4H2004H.S8: C, 53.8; H, 6.5; N, 9.0%), having an 
infrared spectrum identical with that of the synthetic material; and (b) an 
orange-red oil (Found: C, 52.1; H, 6.15; N, 9.1%) which crystallized after 3 
months to give 2,4-dinitrophenyl 1-methylheptyl sulfide, m. p. and mixed 
m. p. 46-48°. 

The dithiol fraction (iiic) was saturated, weak absorption at 967 cm™ being 
attributed to a skeletal vibration also observed in the spectrum of octane-1,2- 
dithiol. The dithiol was identified as octane-1,2-dithiol by formation of the 
bis-2,4-dinitropheny! sulfide which was separated chromatographically into 
two forms (from ethanol-acetone) having m. p.s and mixed m. p.s 58-60° 
(Found: C, 46.9; H, 4.35; N, 10.9, 10.8. Cale. for CooH22O03N4Se: C, 47.1, 
H, 4.3; N, 11.0%) and 95-97.5° (Found: C, 47.1; H, 4.5; N, 10.7, 10.9%). 
Recrystallization of the two forms from acetone at —78° gave the form of m. p. 
39—40°, and recrystallization from ethanol-acetone gave other forms, m. p. 
61-62.5° and 70.5-72°. 

Fractions (iiid) and (iiie) were largely saturated; fraction (iiid) contained a 
saturated dithiol, but other constituents were not identified (conjugated 
structures were absent). 

Hydrogenolysis of fraction (iiie) (1.05 g) gave hydrogen sulfide (equiv. to 
0.4% of “removable sulfur’) and the following fractions: (iiiei) b. p. <99°/ 


10 mm. (0.306 g) (Found: C, 65.9; H, 11.3; 8, 22.15%; M, 249, 277. Cale. 
for C, 66.1; H, 11.8; 8, 22.1%; M, 291. Cale. for CigHg2Se: C, 66.6; 
H, 11.2; 8, 22.2%; M, 289), which showed no infrared absorption in the 6u 
region but slight absorption at 970 cm™ which could be due to 0.13 trans- 
CHR:CHR’ group per mole, while the presence of 1.1—1.4 thiol groups per mole 


S, 19.3%; M, 569, 576) which was mainly saturated and devoid of thiol groups. 

Absence of octane-1,3-dithiol in the hydrogenolysis fraction (iiic).—Fraction 
(iiic) (0.879 g) in light petroleum (40 ml) was oxidized with excess of iodine in 
aqueous potassium iodide. The final excess of iodine was destroyed, the 
organic layer separated, washed with water, and dried (NagSO,), and the solvent 
removed in vacuo, to give a disulfide polymer (0.700 g) [Found: C, 57.2; H, 9.8; 
8, 32.7%; M, 710, 737, 745. (CgHisS2)4 requires C, 54.2; H, 9.7; 8, 36.1%; 
M, 705] which showed no ultraviolet absorption maximum at 3300 A. Com- 
parable oxidation of octane-1,2-dithiol (0.886 g) gave a disulfide polymer (0.740 
g) (Found: C, 56.0; H, 9.4; 8, 34.7%; M, 947, 1015) showing no maximum ab- 
sorption at 3300 A. Oxidation of propane-1,3-dithiol in light petroleum gave 
1,2-dithiolan having maximum absorption at 3270-3280 A. Comparable 
results to the above were obtained by partial aerobic oxidation of dilute ethanolic 
solutions of fraction (iiic) and propane-1, 3-dithiol. 

Reaction of ‘‘oct-1-ene polysulfide” with potassium hydrogen sulfide —The 


10-7 mm (0.08 g) (Found: C, 62.0; H, 10.8; 8, 25.5%); (ilieii) b. p. 99-100°, a 
was also indicated, and (ilielli) a residue (0.51 g Found: C, 68.4; H, 10.4; Be 


1062 RUBBER CHEMISTRY AND TECHNOLOGY 


polysulfide (iii) [Found: C, 52.15; H, 8.65; 8, 39.6%; M, 427, 405. Corre- 
sponds to (CgHi5.8S2.28) 2.25] (8.23 g) was shaken for 48 hr at room temperature 
with an ethanolic solution of potassium hydrogen sulfide [prepared by saturat- 
ing a solution of potassium hydroxide (7.1 g) in ethanol (78 ml) with hydrogen 
sulfide at 0°]. Ethanol was removed under reduced pressure, and the product 
treated with water (200 ml) and extracted with light petroleum (3 75 ml). 
Acidification of the aqueous portion with dilute hydrochloric acid gave sulfur 
(1.37 g, corresponding to 42% of ‘“‘removable sulfur’’) but no organic material. 
Removal of the solvent from the light petroleum extract gave a dark brown 
liquid (V) (6.76 g), n#§ 1.523 [Found: C, 60.9; H, 10.3; 8, 29.2; thiol-S, 0.3; 
“removable sulfur’, 3.9%; M, 463, 470. Corresponds to (CsHy6.181.41)2.97 J, 
which was devoid of thiol groups and predominantly saturated; absorption at 
970 em™ could correspond to a maximum of 0.17 trans-CHR:CHR’ unit per 
molecule. The polysulfide (5.04 g) with lithium aluminium hydride (1.0 g) 
gave the following thiol fractions: (1) b. p. 65-70°/15 mm., nj} 1.4508 (0.9995 
g) (Found: C, 66.6, 67.2; H, 12.3, 12.5; 8, 20.0, 20.15; thiol-S, 22.3. Cale. for 
CsHisS: C, 66.6; H, 11.2; 8, 22.2; thiol-S, 22.2. Cale. for CgHisS: C, 65.7; 
H, 12.4; 8, 21.9; thiol-S, 21.9%); (2) b. p. <50°/0.08 mm (0.10 g); (3) b. p. 
56-57°/0.08 mm, nj 1.4953 (2.025 g) (Found: C, 54.7; H, 10.2;8, 35.7; thiol-S, 
35.4. Cale. for CgsHisSe: C, 53.95; H, 10.15; 8, 35.95; thiol-S, 35.95%); (4) 
b. p. 60-80°/0.01 mm (0.07 g); (5) b. p. 80-100°/0.01 mm, nj§ 1.4811 (1.12 g) 
[Found: C, 67.8; H, 11.8; 8, 20.4; thiol-S, 9.2%; M, 245, 256. Corresponds to 
(CgHi6.6S0.90)1.77- Cale. for 38:62 mole % mixture of octanedithiol and diocty] 
sulfide: C, 68.1; H, 12.4; 8, 19.5; thiol-S, 10.8%; M, 228); (6) a residue, nj 
1.525 (0.30 g) [Found: C, 64.2; H, 10.3; 8, 23.6%; M, 510, 543. Corresponds 
to (CgHis5.381.10)3.58]. The infrared spectra of fractions (1), (3), (5), and (6) 
closely resembled those of the corresponding fractions from the hydrogenolyzed 
unchanged polysulfide with the exception that all fractions were predominantly 
saturated. 

Evaporative distillation of ‘‘oct-1-ene polysulfide.””—Distillation of the poly- 
sulfide (CgH15.3S2.28)2.25 (1.986 g) at 100°/10-? mm in a pot-type “‘molecular 
still’ * gave (1) an orange liquid (0.231 g) (Found: C, 66.1; H, 11.2;8, 22.45%; 
M, 269, 257. Calc. for CysHs2Se: C, 66.6; H, 11.2; 8, 22.2%; M, 289. Cale. 
for CygHgqSe: C, 66.1; H, 11.8; 8, 22.1%; M, 291), and (2) an orange liquid 
(0.121 g) (Found: M, 376, 343). Distillation was continued at 10-> mm 
(bath-temp. up to 115°) to give fractions (3) an orange liquid (0.598 g) [Found: 
C, 47.9; H, 8.3; 8, 43.7%; M, 493, 450. Corresponds to (CsHi6.5S2.74)2.4], (4) 
an orange-brown liquid (0.429 g) [Found: C, 47.45; H, 8.1; 8, 44.7%; M, 520, 
483, 462. Corresponds to (CgH16.3S2.s2)2.4], and (5) a dark brown residue 
(0.352 g) [Found: C, 54.05; H, 9.8; 8, 36.6%; M, 843, 800. Corresponds to 
(CsHi7.382.03)4.6]. Recovery of the polysulfide was 87%. All fractions were 
spectroscopically similar to the parent polysulfide. 

Synthesis of reference compounds for the oct-1-ene reaction.—(1) Octane-1- 
thiol (cf. Brown, Jones, and Pinder®’).—1-Acetylthio-octane, b. p. 116-117°/ 
10 mm, nj? 1.4641 (64%) (Found: C, 63.7; H, 10.6;8, 16.8. Cale. for CyoHoOS: 
C, 63.9; H, 10.65; 8, 17.0%), was prepared by addition of mercaptoacetic acid 
to oct-l-ene. Hydrolysis of the thiolester with aqueous-ethanolic potassium 
hydroxide under nitrogen gave octane-1-thiol, b. p. 77-78°/10 mm, nj§ 1.4542 
(85%) (Found: C, 65.65; H, 12.2; 8, 21.2. Cale. for CsHisS: C, 65.7; H, 
12.4; S, 21.9%). The 2,4-dinitrophenyl octyl sulfide had m. p. 75-76° [from 
light petroleum (b. p. 60-80°)] (Found: C, 54.2, 54.1; H, 6.5, 6.4; N, 9.15. 
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Cale. for Cy4H204N28: C, 53.9; H, 6.4; N, 9.0%) (Brown et al. report m. p. 
78°). The mercuric salt crystallized as plates (from ethanol), m. p. 71-72° 
(Found: C, 39.15; H, 6.95. Cale. for CisHySeHg: C, 39.1; H, 6.95%). 

(2) Octane-2-thiol—This thiol, b. p. 64-65°/10 mm, nf 1.4506 (79%) 
(Found: C, 66.1; H, 12.4; 8, 20.7%), was prepared from 2-bromo-octane and 
thiourea by the normal method**. It gave 2,4-dinitropheny! 1-methylhepty] 
sulfide, m. p. 44.5-45° (from ethanol) (Found: C, 53.75; H, 6.3; N, 8.8%) 
(Norman, LeSuer, and Mastin® report m. p. 47.5°). 

(3) Octane-1,2-dithiol.—A solution of potassium ethyl xanthate (33.6 g) in 
acetone (700 ml) was filtered from insoluble material and then added with stir- 
ring during 1 hr to 1,2-dibromo-octane (19.0 g; b. p. 53-56°/0.15 mm; nj? 
1.4969) in acetone (35 ml). The product was filtered, the solvent removed, the 
yellow residue dissolved in chloroform (50 ml), washed with water, and dried 
(Na2SO,), and the solvent removed under reduced pressure. The resulting 
xanthic ester in dry tetrahydrofuran (50 ml) was hydrogenolyzed for 4 hr by 
lithium aluminium hydride (7.6 g) in refluxing tetrahydrofuran (75 ml) (ef. 
Djerassi et al.®), to give octane-1,2-dithiol (4.3 g, 35%), b. p. 56-59°/0.05- 
0.1 mm, nj} 1.4981 (Found: C, 54.0; H, 10.1; 8, 36.1; thiol-S, 35.1. CsHisS2 
requires C, 53.95; H, 10.15; 5, 35.95; thiol-S, 35.95%). The dithiol showed 
a weak infrared band at 967 em. The bis-2,4-dinitrophenyl sulfide exhibited 
polymorphism, being obtained in a number of forms whose color and m. p. 
depended on the conditions of crystallization. Thus, slow crystallization from 
dilute ethanol-acetone solution gave a pale yellow solid, m. p. 56—-57°, whereas 
more concentrated solutions gave deep yellow crystals, m. p. within the ranges 
97-98°, 92-94°, and 70-72°. Satisfactory analyses were obtained for all forms 
(e.g., form of m. p. 97-98°: Found: C, 47.0; H, 4.3; N, 10.95. CooHa2O0gN4Se2 
requires C, 47.1; H, 4.3; N, 11.0%). Crystallization from concentrated ace- 
tone solutions at —78° gave a form, m. p. 38-38.5°, which changed in 1 month 
into the form, m. p. 71.5-73°. Attempted preparation of other derivatives of 
the dithiol for diagnostic purposes was unsuccessful; the bis-(2,4-dinitrophe- 
nyl sulfone) was unstable, and the trithiocarbonate and benzylidene deriva- 
tive were oils. 

Reaction of sulfur with di- and trialkylethylenes.—The olefin and sulfur (10% 
w/w) were heated together in vacuo at 140° for 5 hr. The products were iso- 
lated and examined as described above for the oct-l-ene-sulfur reaction. The 
major experimental findings are summarized in Tables II and III and in the text 
(p. 1059). 

Synthesis of reference compounds.—(\1) Di(cyclohex-2-enyl) polysulfide— 
Reaction of cyclohex-2-enethiol (7.0 g, b. p. 44-46°/10 mm) with sulfur (3.0 g) 
in the presence of a trace of diethylamine at room temperature gave the poly- 
sulfide (8.0 g) [Found: C, 48.3; H, 5.95; S, 45.8; removable sulfur,” 47.0%; 
M, 300, 316. Corresponds to (CgHs.9S2.15)2.05]. Hydrogenolysis of the poly- 
sulfide (5.0 g) yielded only hydrogen sulfide and cyclohex-2-enethiol (2.93 g), 
b. p. 48-50°/10 mm, ni 1.5242 (Found: C, 63.3; H, 8.8; 8, 27.8. Cale. for 
CeHwS: C, 63.1; H, 8.8; S, 28.1%). 

(2) (74%; b. 
p. 100-112°/0.01 mm nj 1.5147) was prepared by the sulfuric acid-catalyzed 
addition of toluene-w-thiol to 2,6-dimethyloct-2-ene (cf. ref. 31). Reduction of 
the sulfide with sodium in liquid ammonia (cf. Ref. 31) gave 2,6-dimethyloctane- 
2-thiol (91%), b. p. 84-85°/10 mm, njf 1.4543 (Found: C, 68.9; H, 12.65; §, 
18.35. requires C, 69.0; H, 12.6; 8, 18.4%). 


a 
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(3) 2,6-Dimethyloctane-3-thiol.—2,6-Dimethyloct-2-ene (14 g) reacted exo- 
thermically with mercaptoacetic acid (10 ml) under ultraviolet light to give 
3-acetylthio-2; 6-dimethyloctane, b. p. 117—118°/10 mm, nj} 1.4670 (18.5 g, 
86%) (Found: C, 66.1; H, 11.05; 8, 15.35. Cale. for Ci,HaOS: C, 66.7; H, 
11.1; 8, 14.8%). Hydrolysis of the thiolester (18.4 g) with boiling aqueous- 
ethanolic potassium hydroxide during 30 min gave 2,6-dimethyloctane-3-thiol, 
b. p. 88-89°/10 mm, n} 1.4584 (13.2 g, 89%) (Found: C, 69.0; H, 12.7; §, 
18.4; thiol-S, 18.4%). 

The synthesis of other reference compounds has been described previously". 

Thermal stability of olefin sulfuration products—Samples of olefin poly- 
sulfides” were heated in vacuo at 140° for 5 hr. Elementary and spectroscopic 
analysis of the products revealed the changes in molecular constitution and 
complexity as tabulated. 


1-Octene (CgHis.sSe. 28) 2.25 (CsHis. Be. 28) 2.83 
2-Methyl-2-pentene (CeHi2.0S2.15) 2.06 (CoHiz. 181,22) 2.41 
1-Methyleyclohexene (C7Hi2. 182.6) 2.27 
2,6-Dimethy]-2-octene (CioH20.7S2.8)2.18 (10H 20.652. 76) 1.51 


Polysulfides 1 and 1a had similar spectra except for slightly less pronounced 
absorption at 970 cm™ in the latter. Samples 2 and 2a had similar spectra 
except for some reduction in trialkylethylenic unsaturation; comparable 
differences were shown between 3 and 3a, and 4 and 4a. 

We thank Mr. G. M. C. Higgins for the spectroscopic data. 


SYNOPSIS 


Reaction of sulfur with mono-olefins at 140° gives, not only alkenyl alkyl 
polysulfides as previously supposed, but also substantial amounts of more 
saturated compounds having two attachments of sulfur per olefin moiety. 
The latter appear to have mainly cyclic structures (derived from the linking of 
two ethylenic centers) and include polymeric polysulfides (derived from similar 
linking of three or more olefin units); epithio-groups could not be detected in 
these polysulfides. The proportion of alkenyl alkyl polysulfide to these other 
products varies in a regular manner among different types of olefin. 
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PART IX. THE REACTION OF SULFUR WITH 
2,6-DIMETHYLOCTA-2,6-DIENE* 


L. BaremMan, R. W. AND C. G. Moore 


Tue British Russper Propucers’ Researcu Association, 
ELWYN Garpven City. Herts., ENGLAND 


Farmer and Shipley' showed that reaction of sulfur with 2,6-dimethyl- 
octa-2,6-diene (I) at 140° yields a cyclic monosulfide and a crosslinked poly- 
sulfide. No detailed investigation of the structures of these cyclic monosulfide 
or polysulfide products was undertaken, but it was deduced! that the former 
contained 6 ethyl-2,2,6-trimethylthiacyclohex-3-ene (VIII) and a compound 
having vinylidene unsaturation, CH.:CRR’, as apparently revealed by the 
infrared spectrum, and this has formed part of the evidence on which broad 
mechanistic conclusions have been based’. 

This reaction has now been re-examined in greater detail; the compositions 
of the cyclic sulfide and crosslinked polysulfide fractions and their variation with 
time of reaction have been determined. Results and conclusions differing in 
important respects from those advanced by the earlier workers have been 
reached, as reported preliminarily elsewhere’. 


Ande 


(1) 
(IV) 


(VI) (VII) (VIII) (IX) 


Constitution of the cyclic sulfide fraction —This fraction contains 2,6-di- 
methylocta-2,4,6-triene (II) (alloocimene). two saturated cyclic sulfides 
[2-ethyl-2,6,-trimethylthiacyclohexane (III) and 2-ethyl-2-methyl- 
5-isopropylthiacyclopentane (IV)], and two monounsaturated cyclic sulfides 
[2-ethyl-2-methyl-5-isopropenyl- (V) and 2-ethyl-2-methyl-5-isopropylidene- 
thiacyclopentane (VI) ]. 

The triene (II) and the cyclic sulfides (III)—(VI) were identified mainly by 
infrared and ultraviolet spectroscopic examination of the bulk cyclic sulfide and 


* Reprinted from the Journal of the Chemical Society, 1958, pages 2846-2856. See the preceding paper, 
this issue, for Part VIII. 


~ —_ 
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of constituent fractions given by a combination of distillation, chromatography, 
and catalytic hydrogenation. 

By a combination of fractional distillation and chromatography on alumina 
or silica gel, the triene (II) was removed from the cyclic sulfide mixture (which 
then gave analyses for a mixture of CjoHisS and Ci9HS), and the latter parti- 
ally resolved into (III)-(VI). The triene (II) was shown by spectroscopy to 
be predominantly the trans-C,4, cis-Cg isomer (ef. O’Connor and Goldblatt*) 
and was estimated by absorption at 2730 A. The presence of the isomers (IIT) 
and (IV) in the cyclic sulfide mixture was established by comparison of the 
infrared absorption spectrum with those of synthetic (IIT) and (IV)*°; chromatog- 
raphy gave a fraction which was devoid of (IV), (V), and (VI) and had an 
infrared spectrum identical with that of pure (III) Although isomers (V) and 
(VI) have not yet been synthesized (cf. Glazebrook and Saville’), evidence for 
their presence in the mixture can be adduced as follows. Infrared absorption 
at 1640 and 890 cm™ in the bulk cyclic sulfide indicated vinylidene unsatura- 
tion, CH.:CRR’; this is attributed to compound (V) since chromatography on 
silica gel gave a fraction which was free from (IT) and (VI) and contained only 
minor amounts of (IIT) and (IV), but had ca. 50-60 mole % of CH2:CRR’ 
groups, and on catalytic hydrogenation® gave the pure thiophan (TV), as shown 
by direct comparison with a synthetic specimen. Evidence for the presence of 
compound (VI) is: (i) selective ultraviolet absorption at 2290-2300 A, associated 
with the vinylic sulfide, C: C—-S—, chromophore, also shown by the synthetic 
cyclic sulfide (IX)7; (ii) removal of ingredients (II), (IIT), (IV), and (V) by 
chromatography to give a fraction which had maximum absorption at 2290 A 
(€ 7750) but had no infrared absorption attributable to olefinic unsaturation 
other than the tetrasubstituted type, and on catalytic hydrogenation absrobed 
hydrogen equivalent to 0.95 double bond per CyoHis8S molecule to give the cyclic 
sulfide (IV). The presence of the skeletal structures of (III) and (IV) in the 
cyclic sulfide fraction was confirmed by conversion of the latter into a cyclic 
sulfone mixture, CioHjs-20028, which on catalytic hydrogenation absorbed 
hydrogen equivalent to 0.35 double bond per CyoH 0.8 molecule to give the 
sulfones of (IIT) and (IV)®. 

Contrary to Farmer and Shipley’s report', the cyclic sulfide (VIII) could not 
be detected. None of the cyclic sulfide fractions showed infrared absorption 
attributable to the cis-R-CH:CH-R’ grouping, as is observed at 715 em.~ in 
the analogous 2,2,6,6-tetramethylthiacyclohex-3-ene’. Spectroscopic analysis 
of all catalytically hydrogenated cyclic sulfide fractions also showed the ab- 
sence of 2,3-dimethyl-6-isopropylthiacyclohexane (X). For comparative pur- 
poses, this compound was syntheiszed as illustrated: 


Me-COSH 


(X11) 


+ | 
X) 


(XIV) 
( 
Certain of the cyclic sulfide fractions which had been subjected to consider- 


able heating during distillation probably contained some 5-ethyl-5-methyl-2- 
isopropylthiacyclopent-2-ene (VII). However, this compound does not ap- 


— 

: 

Ke. 

(XI) 

I KOH- 
: (I) 
H,O-EtOH 

5 
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pear to be a primary reaction product but results from the sulfur- or polysulfide- 
catalyzed isomerization of (VI) (ef. p. 1070). 

Constitution of the crosslinked polysulfide fraction.—The polysulfide mixture 
obtained from the diene (I)-sulfur reaction at 140° has been less completely 
analyzed, but it has been established that the composition varies considerably 
with the reaction time and that the crosslinked structures do not, as previously 
envisaged'?, consist solely of acyclic di-isoprene (Co) units linked as alkenyl 
alkyl polysulfides but contain cyclic units based on the skeletal structure of 
(IV) at point vicinal to the polysulfide crosslink. More information about the 
polysulfide structures follows from fission of the —S—S— bonds with lithium 
aluminium hydride®” in conjunction with spectroscopic and elementary analy- 
ses of the original polysulfide and its hydrogenolysis products. 

Analyses of the polysulfide obtained in a 5 hours’ reaction indicated a com- 
position (CyoHsS2.9)1.82; the product therefore consists mainly of two di-iso- 
prene units linked by a polysulfide bridge and does not involve repetitive inter- 
linking of diene units by sulfur atoms (cf. Refs. 3. and 10). It has much less 
unsaturation than is required for an alkenyl alkyl polysulfide structure (3 
double bonds per Ceo unit), there being only 0.5—1.0 RR’C:CHR” group per 
molecule and smaller amounts (<0.05) of CH2,:CRR” and possibly trans- 
R-CH:CH-R’ groups (<0.1-0.2 per molecule); these findings suggest the 
presence of cyclic structures. Hydrogenolysis of the polysulfide yielded hydro- 
gen sulfide (indicative of polysulfide crosslinks), acyclic monothiol and dithiol, 
and mercaptocyclic sulfides [CioHis_20S2 (1 SH) J], together with a noncleavable 
residue (Table II, expt. 1). The monothiol proved to be a mixture of a doubly 


(SH) -CH2-[CH2 ]2-CMe(SH)-CH2Me 
(XV) 
Me.C (SH) -CH (SH) - (CH: ].-CMe:CHMe 
(XVI) 


unsaturated compound (C,9Hi;-SH) and a monounsaturated compound (Cjo- 
Hyig-SH), in which the unsaturation is mainly trialkylethylenic with smaller 
amounts of trans-R-CH:CH-R’, CH2:CRR’, and C:C-C:C groups, and the 
thiol grouping mainly tertiary. The infrared spectrum of the dithiol fraction 
is consistent with the presence of the saturated dithiol (XV) or unsaturated 
analogues thereof containing 1 double bond per Cio unit, or with a 1,2-dithiol 
such as (XVI), comparable with the 1,2-dithiols obtained from hydrogenolyses 


(XVII) (XVII) (XIX) (XX) (XX]) (XXII) 


of polysulfides from mono-olefins’’. The mercaptocyclic sulfide is largely 
saturated and appears to consist of the thiphans (XVII) and (XVIII), with 
possibly (XIX), and minor amounts of their unsaturated analogues (XX), 
(XXI), and (XXII) containing the C:C-S— chromophore. For reference 
the mercaptocyclic sulfide (XVII) was prepared by the reaction sequence: 


(XXII) (XVID 


‘ 

Ge 

4 

H SH HS SH 
4 
(V) 
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The preparation of the isomer (XVIII) has been previously described®, but 
unambiguous syntheses of the mercaptocyclic sulfides (XIX)—(XXII) have not 
been realized. The uncleavable material is predominantly saturated, and con- 
tains cyclic structures based on (XVII)—(XXII), and smaller amounts of 
acyclic structures, crosslinked by monosulfide units. 


(XXIV) (XXV) (XXV}) (XXVII) (XXVIII) 


The above results show that the polysulfide obtained after 5 hours’ reaction 
is composed of both cyclic and acyclic units crosslinked by a mono- or poly-sulfide 
group as typified by (XXIV)—(XXVID) in which the dotted lines represent the 
aternative positions of the C—S and C:C bonds. 

Analyses of the polysulfide obtained after 50 hours’ reaction indicated a 
composition (CyoH)7.681.46)1.74, incomplete removal of small amounts of the 


TaBLe I 


Reaction oF (I) (100 a) 
with Sutrur (10 at 140° 


Reaction Cyclic Poly- Triene . ‘ “Removable 
Expt. time, sulfide sulfide (ID, Dienein A (%) sulfur” 
no. (hr) (A), (B),2 A/B DieneinB inB in B* 


1 5.0 5.0f 12.0 0.48 0.42 0.56 40.0 52 
2 50.0 20.6} 24.4 1.6 0.85 0.92 25.3 8 


* Removed as hydrogen sulfide on hydsog 
+ Contains (III) plus (IV), 48%; (¥), 41% 
t Contains (III) plus (IV); (V); 26%: vb: “VID 1-2%. 


triene (II) and cyclic sulfides causing the slight departure from a Coo unit 
structure. It consisted essentially of the crosslinked sulfides (XXIV; z = 1 
—2) and (XXVIII). Hydrogenolysis yielded only 8% of the total sulfur as 
hydrogen sulfide, showing that crosslinks greater than —S,— occurred only to a 
very small extent. The other hydrogenolysis product were mainly uncleavable 
material (67% of the original polysulfide), containing cyclic sulfide structures 
based on (XVII)-(XXII) joined by monosulfide crosslinks, and mercaptocyclic 
sulfides (1-SH) ] which consisted mainly of the saturated structures 
(XVII)-(XVIII), with smaller amounts of (XX)-—(XXII). 

Influence of reaction time on diene (I)-sulfur reaction.—Increasing the re- 
action time from 5 to 50 hours leads to an increased yield of sulfurated product 
(Table I) (cf. Bloomfield" and Ross” and a redistribution of the polysulfide 
sulfur, reflected in the decreased sulfur content of the polysulfide and the in- 
creased amount of cyclic sulfide in the total product. The compositions of the 
products also change markedly; the yield of the cyclic sulfide (VI) increases 
relatively to that of (V), although changes in the proportions of the saturated 
cyclic sulfides (III) and (IV) are slight (Table I). The two reasons for these 
changes are: first, the incorporation of the thiophan (V) inté polysulfide struc- 
tures by interaction with sulfur and/or decomposing polysulfide (see below) ; 
secondly, the sulfur- or polysulfide-catalyzed isomerization of the compound 


H 
al 
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(V) to (VI), analogous to the base-catalyzed isomerization of allylic 
(C:D-D-S—) to vinylic (C-C:D-S—) sulfides*. The occurrence of these 
secondary reactions was confirmed by independent experiment; reaction of a 
cyclic sulfide fraction containing predominantly vinylidene unsaturation [due 
to (V)] with 10% of sulfur at 140° yielded a crosslinked polysulfide (~40% of 
the reactant mixture) consisting of crosslinked cyclic sulfides typified by 
(XXVIII), together with a cyclic sulfide fraction in which (VI) was the sole 
unsaturated species. Further, reaction of a cyclic sulfide containing 60% of 
(V) and only 4.5% of (VI) with a catalytic amount of sulfur (1.5%) for 48 hours 
at 140° yielded a cyclic sulfide containing 37% of (V) and 23% of (VI). No 
isomerization of (V) to (VI) occurred when the cyclic sulfide was heated alone 
in vacuo for 48 hours at 140°. These reactions are further discussed in Part XI. 

With the crosslinked polysulfide, increasing the reaction time leads to redis- 
tribution of the polysulfidic sulfur with a decrease in the crosslink to mainly 
—S:— and —S,— units and with more cyclic sulfide structures incorporated 
in the polysulfide (Tables I and II). Similar changes were observed on heating 


TaBLe II 


ComMPosiTION OF PoLysULFIDE HyDROGENOLYsiIs PRopUCTS 
(YreELp: Wr % or PoLyYsuLFIDE) 


Reaction  Pol- Cyeli Mercaptocyclic 
time, sulfidic sulfide Monothiol sulfide Dithi boiling 
hr. sulfur* CioHws-28 CioHir-w-SH 2052(1 SH) SH) Loss 


5t 21 0 30 16 18 12 3 
50 2 5t 8 17 1 67 0 
* Removable as hydrogen sulfide by hydrogenolysis. 


Main fraction. 
Impurity in polysulfide. 


the polysulfide, isolated after 5 hours’ reaction, at 140° for 7 hours: this gave a 
small amount of cyclic sulfide, consisting mainly of (III) (~75%) with some 
(VI) (<27%) and a polysulfide which was largely saturated and contained an 
increased proportion of cyclic structures as present in (XXVIII). 


EXPERIMENTAL 


2,6-Dimethylocta-2,6-diene (I).—This was prepared by the reduction of puri- 
fied geraniol", and had b. p. 56.0°/14 mm., n”° 1.4520. 

Synthesis of cyclic sulfides —Compounds (III) and (IV) were prepared as 
described by Glazebrook and Saville’. The thiacyclopentane (IV) formed a 
mercuric chloride complex, m. p. 115-116° (Found: C, 26.9; H, 4.7; Cl, 15.6, 
15.65; Hg, 45.2. CioHo0S, HgCle requires C, 27.0; H, 4.5; Cl, 16.0; Hg, 45.3%). 

2,3-Dimethyl-6-isopropylthiacyclohexane (X). The 1,5-diene (I) (55 g) re- 
acted exothermically with mercaptoacetic acid (15.2 g) at room temperature; 
the reaction was completed on the steam bath (30 min) and the product then 
fractionated to give a mixture of mercaptoacetates (XI) and (XII), b. p. 126— 
128°/10 mm, nj§ 1.4828 (28 g, 66%) (Found: C, 67.0; H, 10.25;S, 15.1. Cale. 
for Ci2H2O08: C, 67.3; H, 10.3; 8, 14.95%). This (28 g) was refluxed under 
nitrogen with potassium hydroxide (20 g) in water (100 ml) and ethanol (100 
ml) for 15 min, and the cooled solution was diluted with water (500 ml), acidi- 
fied with acetic acid, extracted with ether, dried, and fractionated, then having 
b. p. 92-94°/10 mm, nj 1.4800 (17 g, 71%) (Found: C, 69.3; H, 11.4; 8, 18.3; 
thiol-S, 10.2. Cale. for CioHi9-SH: C, 69.8; H, 11.6; S, 18.6; thiol-S, 18.6%). 


om 
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This product in cyclohexane was cooled in running water and irradiated with 
ultraviolet light for 2 hr (until the thiol content fell to zero) ; fractionation then 
gave compound (X), b. p. 86-89°/8 mm, nj 1.4805 (Found: C, 70.3; H, 11.8; 
8, 18.3. Cale. for CioH.0S: C, 69.8; H, 11.6; 8, 18.6%), which had an infrared 
spectrum similar to that of a specimen prepared by Naylor’. 

Determination of thiols—The thiol in ethanol was titrated against standard 
aqueous silver nitrate and the endpoint determined by the amperometric 
method!*, In earlier work the thiol was determined by titration against a 
standard butanol solution of copper butyl phthalate!’ ; such determinations are 
designated C.B.P. below. 

Spectrometric analyses.—(i) Cyclic sulfide fractions —The amounts of triene 
(II) and the cyclic sulfides (III)—(VII) in these were determined as follows: (a) 
The triene (II) by absorption at 2730 A in EtOH; € = 42,870 at 2730 A for 
pure (II)*; (6) (III) by means of a sharp band of medium intensity at 872 em 
characteristic of synthetic (III) (this determination is satisfactory except where 
large amounts of CH2:CRR’ groups, which absorb strongly at 890 cm™, are 
present); (c) (V) by absorption at 890 cm™'; e determined for 2-methylnon-1- 
ene and 2,4,4-trimethylpent-l-ene under comparable conditions; (d) (VI) by 
absorption at 2290 A; « 7750 at 2290 A in EtOH found for fraction (Avii) 
(Table IV) which is assumed to be pure (VI) [this method is applicable only 
when (VII) is absent]; (e) when (VI) and (VII) are both present approximate 
estimates were obtained from equations correlating the absorption of pure (VI) 
and of 2-methyl-5-isopropylthiacyclopent-2-ene’ (Amex. 2400 A; € 2800 in 
EtOH) at 2290 and 2400 A with the experimentally observed absorption of the 
cyclic sulphide mixture at these wavelengths; (f) (IV) was estimated by differ- 
ence since pure (IV) lacks a distinctive band of sufficient intensity to permit 
estimation in mixtures. 

(ii) Polysulfide fractions —The types and amounts of olefinic unsaturation 
in these were determined as described in Part VIII". Identification of the 
types of C-S linkages was based on spectroscopic characteristics of relevant 
synthetic sulfides and polysulfides (Higgins, unpublished data). 

Reaction of 2,6-dimethylocta-2,6-diene (I) with sulfur —(1) Preliminary in- 
vestigation—A mixture of the olefin (466 g) and sulfur (120 g) was heated with 
stirring under nitrogen for 52 hr at 140°. Fractional distillation then gave (i) 
unchanged olefin (120 g), b. p. 55-57°/10 mm, nj 1.4490; (ii) a small intermedi- 
ate fraction (16 g), b. p. 57-85°/10 mm, nj§ 1.4840; (iii) a cyclic sulfide fraction 
(150 g), b. p. 85-95°/10 mm, n $1.4870; and (iv) an undistillable polysulfide 
residue (300 g). 

Examination of the cyclic sulfide fraction (iii) —Refractionation through a 
glass-helix-packed Fenske column gave three approximately equal fractions: 
(iiia) b. p. 84-90°/10 mm, nj§ 1.4840 (Found: C, 69.25, 68.9; H, 11.2, 11.2; 8, 
18.2; C: H, 10: 19.3, 19.4. Cale. for CyoHigS: C, 70.5; H, 10.65; 8, 18.85. 
Cale. for CyoHooS: C, 69.8; H, 11.6; 8, 18.6%); (iiib) b. p. 90-92°/10 mm, nj 
1.4839 (Found: C, 69.85, 69.85; H, 11.3, 11.55; 8, 18.65%; C:H, 10: 19.3, 
19.7); (iiic) b. p. 92-94°/10 mm, n? 1.4934 (Found: C, 69.4, 69.95; H, 10.3, 
10.65; 8, 18.65%; C: H, 10: 17.7, 18.2). Fractions (iiib and c) were combined, 
and a portion was dissolved in light petroleum and eluted through alumina 
under nitrogen; the solvent was removed from the eluate and the products were 
distilled, to give cyclic sulfide (A), b. p. 82-90°/10 mm, nif 1.4875 (Found: C, 
70.75; H, 11.6; 8, 18.3%), containing a little of the solvent. Repetition of the 
above procedure with a further portion of the combined fractions (iiib) and 


a 
if 


SULFUR AND OLEFINIC SUBSTANCES 1071 


(iiic) gave cyclic sulfide (B), b. p. 88-90°/10 mm, ni§ 1.4880 (Found: C, 70.3; 
H, 11.25; 8, 18.7%; C: H, 10: 19.1). Spectroscopic analysis of (A) indicated 
approximately 0.7% of the triene (II), 30% of (III), 4% of (V), 27% of (VI), 
14% of (VII) and 24% (by difference) of (IV). The product (A) in light 
petroleum was rechromatographed on alumina and then distilled, to give cyclic 
sulfide (Ai), b. p. 83-86°/10 mm, n# 1.4867 (Found: C, €9.8; H, 11.1;8, 18.5%; 
C:H, 10: 19.0), which on catalytic hydrogenation® absorbed 0.35 He per CioHisS 
unit. Distillation of the reaction product gave: (AiH), b. p. 82-85°/10 mm, 
n¥ 1.4791 (Found: C, 69.2; H, 11.45; 8, 18.8%; C: H, 10: 19.7), which contained 
(III) and (IV) in approximately equal proportions, but not the thiacyclohexane 
(X); ultraviolet absorption indicated a maximum of 2% (VI) plus (VII). 
Cyclic sulfide (B) absorbed 0.38 Hy per CioHS unit and gave the product 
(BH), b. p. 82-85°/10 mm, n?9 1.4796 (Found: C, 69.85; H, 11.25; S, 18.7%), 
which was mainly (IV) (90-95%) with a little (III), there being no (X) and 
only a trace of unsaturated groups revealed by a very weak band at ~ 1640 
em, Treatment of product (BH) with mercuric chloride gave the mercuri- 
chloride derivative of (IV), m. p. and mixed m. p. 117° (Found: C, 27.0; H, 
4.6; Hg, 45.4. Cale. for CyoHooS,HgCle: C, 27.0; H, 4.5; Hg, 45.3%). The 


TaB_e III 
Compositions OF FRAcTIONS DerIvep rrom Cyciic SuLFIpE (A) 


Composition (wt %) 


np (temp.) Formula e889) (iv) (Vv) (VD (VID 
131-—133°/83—84 1.4851 CrHis.cS 0 43 35 
133—138°/83—84 1.4837 (19°) CywHy.8 0 12 - 
84 1.4834 (19°) CioHw.78 6 8 

1.4951 (22°) 2 8 63 Trace 

100—115°/10 1.5010 (21.5°) 7 80 Trace 


apparent disparity in the relative amounts of (III) and (IV) present in samples 
(AiH) and (BH) suggests the nonidentity of their respective precursors and 
this was in part confirmed when infared analysis of cyclic sulfide (B) revealed 
16% of (V) and probably <25% of (III). These results indicate partial 
separation of the components in combined fractions (iiib and c) to different 
extents during chromatography and distillation, confirmed by the distillative 
and chromatographic separations of the components of cyclic sulfide (A) 
described below. 

Distillative fractionation of cyclic sulfide (A).—Fractionation of sample (A) 
(20 ml) through a concentric-tube column gave the fractions listed in Table III. 

Chromatographic fractionation of cyclic sulfide (A)—A sample in light 
petroleum was chromatographed on silica gel (100-200 mesh) and eluted with 
the same solvent. Four approximately equal fractions were obtained which, 
after removal of solvent, gave the cyclic sulfide fractions whose compositions 
are given in Table IV, Confirmation that fraction (Avii) was substantially 
pure (VI) was the absorption of 0.95 Hz per CyoHsS unit, to give a cyclic sulfide 
(AviiH) consisting of substantially pure (IV) with a maximum of 2% of (VI) 
and no (III), (V), or (X). 

Oxidation of cyclic sulfide (Ai) to sulfone-—Cyclic sulfide (Ai) (8.8 g) on 
oxidation with hydrogen peroxide-acetic acid at 0° gave sulfone (AiS), b. p. 
92-94°/0.01 mm, nj 1.4880 (8.4 g, 80%) (Found: C, 58.95; H, 9.5; 8, 15.55; 
C: H, 10: 19.2. Cale. for CyoHig0.S: C, 59.5; H, 8.9; 8, 15.85. Cale. for 


fits 
. 
Fraction Vol. = 
no. 
Aii) 
Aiii 
Aiv 
Av) 
Avi) 
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CyoH29028: C, 58.9; H, 9.8; S, 15.7%), which absorbed 0.35 He per CioH 30.8 
molecule, to give a saturated sulfone (AiSH), b. p. 78-79°/0.01 mm, n? 
1.4836 (Found: C, 58.9; H, 9.8; 8, 15.65%; C: H, 10: 19.8). This consisted of 
the sulfone derivatives of (III) (47%) and (IV) (538%). 

Reaction of 2,6-Dimethylocta-2,6-diene (I) with sulfur—(2) 50 hours’ reac- 
tion.—A mixture of the olefin (90.0 g) and sulfur (9.0 g) was heated in vacuo for 
50 hr at 140°. Fractional distillation then gave unchanged olefin, a cyclic 
sulfide fraction (C), b. p. 88-94°/10 mm, n# 1.4950 (20.5 g) (Found: C, 71.5; 
H, 11.2; 8, 16.9%; C: H, 10: 18.7), and a polysulfide residue (D) (21.9 g) in- 
volatile at 60°/0.001 mm [Found: C, 64.7; H, 9.55; 8, 25.3%; M, 313, 327. 
Corresponds to (CioH17.651.46)1-24]. Fraction (C) contained approximately 
7% of the triene (II), 24% of (V), 28% of (VI), 1-2% of (VID), and (III) and 
(IV) in roughly equal proportions. 

Hydrogenolysis of polysulfide (D).—The polysulfide (D) (10.0 g) in tetra- 
hydrofuran (50 ml) was added to lithium aluminium hydride (3 g) in tetra- 
hydrofuran (100 ml) and the mixture refluxed for 6 hr. The product was de- 
composed with 2N-sulfuric acid (100 ml) at 0° and the evolved hydrogen sulfide 
removed in a current of nitrogen and collected in aqueous lead acetate to give 
lead sulfide (1.5 g; i.e., 8% of “removable sulfur’). The hydrogenolysis prod- 


TABLE IV 


Cyciic Sutrreps (%) IN FrRAcTIONS FRoM Cyciic Suuripe (A) 
BY CHROMATOGRAPHIC SEPARATION 


Fraction no. nb (II) (IV) (V) (VD 


(Avii) 1.5049 0 0 100 
(Aviii) 1.4885 0 50-60 8 40 
(Aix) 1.4828 35 55 7 6 
(Ax) 1.4822 100 0 0 _ 


ucts were extracted with light petroleum and fractionated, to give: (Di), b. p. 
<55°/0.01 mm, n? 1.5073 (1.05 g) (Found: C, 66.8; H, 10.15; 8S, 22.1; thiol-S, 
11.5%; C: H, 10: 18.1; M, 176, 190); (Dii), b. p. 55-57°/0.01 mm_ n38 1.5189 
(0.96 g) (Found: C, 64.7; H, 9.9; 8, 25.9; thiol-S, 13.7%; C: H, 10: 18.2; N, 
183, 196); (Diii), b. p. 57-60°/0.01 mm, n? 1.5236 (1.12 g) [Found: C, 60.5; 
H, 9.7; 8, 29.55; thiol-S, 18.1%; C: H, 10: 19.1; M, 199, 213. Cale. for 
CyoHisS2 (ISH): C, 59.5; H, 8.9; S, 31.7; thiol-S, 15.8%; M, 202. Cale. for 
CoH» Se (18H): C, 58.8; H, 9.8; 8, 31.4; thiol-S, 15.6%; M, 204]; (Div), b. p. 
<100°/0.001 mm, n3 1.5336 (4.16 g) [Found: C, 67.3; H, 10.05; 8, 22.25; 
thiol-S, 6.75% ;C: H, 10:17.8; M, 287,300. Corresponds to J; 
and (Dv) an undistillable residue (ca. 2.5 g), not further examined. The sulfur 
and thiol contents of the above fractions together with their molecular weights 
permitted the determination of the amounts of monothiol, dithiol, and mer- 
captocyclic sulfide formed (Talbe II). 

A second polysulfide (Da) (Found: C, 61.5; H, 9.3; 8, 29.2%), comparable 
to polysulfide (D), was obtained by evaporative distillation at <110°/10~ mm 
of the polysulfide residue obtained from reaction of (I) with sulfur for 52 hr at 
140°, (p. 1070). Hydrogenolysis of polysulfide (Da) (16.0 g) gave neg- 
ligible hydrogen sulfide and the following fractions: (Dai), b. p. <60°/0.01 
mm, n% 1.5041 (1.4 g) [Found: C, 62.3; H, 10.2; 8, 27.3; thiol-S (C.B.P. 
method), 16.2%; C: H, 10: 19.5; M (eryoscopic in CsHes), 188]; (Daii), b. p. 
60°/0.01 mm, n7 1.5160 (2.7 g) [Found: C, 60.15; H, 9.85; 8, 29.95; thiol-S 
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(C.B.P. method), 15.8%; C: H, 10: 19.5; M, 203, 208]; (Daiii), b. p. 60°/0.01 
mm, n?) 1 5210 (2.7 g) [Found: C, 59.9; H, 9.6; 8, 30.9; thiol-S (C.B.P. method), 
16.4%; C: H, 10: 19.1; M, 202, 203. Cale. for CioHigS2(1 SH): C, 59.35; H, 
8.95; 8, 31.7; thiol-S, 15.85%; M, 202.4. Calc. for CypHoeS2 (18H): C, 58.75; 
H, 9.9: 8. 31.35; thiol-S, 15.7%; M, 204.4]; (Daiv), b. p. 60°/0.01 mm, n# 
1.5278 (1.4 g); and (Dav), residue (6.0 g) which on molecular distillation at 
60—105°/10-* mm gave: (Davi), n}§ 1.5340 [Found: C, 65.4; H, 9.95; S, 24.25; 
thiol-S (C.B.P. method), 5.6%; M. 310. Corresponds to (CyoHjs.181.39)1-70]; 
(Davii). n§ 1.5350 [Found: C, 66.45; H, 10.05; 8, 23.2; thiol-S (C.B.P. 
method), 3.0%; M, 322, 328. Corresponds to (C1oHjs.051.31)1-81]; and (Daviii), 
ni} 1.5400 [Found: C, 66.6; H, 9.9; 8, 23.8: thiol-S (C.B.P method), 1.9%; 
M, 365. Corresponds to }. 

Spectroscopic examination of polysul fides (D) and (Da) and their hydrogenoly- 
sis products.—Sample (D) showed weak infrared absorption bands attributable 
to minor contamination with cyclic sulfide and triene (II), which is also indi- 
cated by the analyses of the polysulfide and its hydrogenolysis products (Di) 
and (Dii), and by ultraviolet absorption thereof at 2300-2350 and 2800 A, at- 
tributed to ~6-10% of (VI) and <2% of (II), respectively. The infrared 
spectrum of (Da) resembled that of | the mercaptocyclic sulfide (XVIII), sug- 
gesting that (Da) consists essentially of cyclic sulfide units crosslinked by sulfur 
atoms, and this accords with the analysis of the hydrogenolysis products (Dai)— 
(Daiv). The spectra of the latter resemble that of the tertiary mercaptocyclic 
sulfide (XVIII) more than that of the primary-mercapto-analogue (XVII). 
The higher-boiling hydrogenolysis fractions (Davi-—viii), substantially devoid 
of thiol groups, are spectroscopically similar to (X VIII) ; apart from weak infra- 
red absorption attributed to 0.3-0.6 RR’C:CHR” group per molecule, these 
samples appear to be saturated. However, they show maximum ultraviolet 
absorption at 2350-2360 A attributed to C:C—S groups [(Davi and vii), 
~0.45; (Daviii), ~0.6]. Similarly, the major hydrogenolysis fraction (Div) 
of polysulfide (D) showed maximum ultraviolet absorption at 2400 A, indicat- 
ing ~0.6 C:C—S— group per molecule. It is thus inferred that the fractions 
(Davi-viii) contain structures (XXIX)—-(X XXIV). Since structures (XXX- 
III) and (XXXIV) contain trisubstituted double bonds and as there is an ap- 
parent correlation between the amounts of C:C—S and RR’C:CHR” groups 
the observed absorption in (Davi-—viii) at ~830 cm.~' may be associated solely 
with structures (X XXIII) and (XXXIV). 


(XX1Xa,b) (XXX) (XXX1) ; (XXXI1) (XXXII) ; (XXXIV) 


Reaction of 2,6 dimethylocta-2,6-diene (I) with sulfur —(3) 5 hours’ reaction. 
—A mixture of the olefin (200 g) and sulfur (20.0 g) was heated in vacuo for 5 hr 
at 140°. The product was cooled at —20° overnight, sulfur (7.0 g) which had 
separated was filtered off, and the filtrate fractionated, to give (i) unchanged 
olefin (168 g) which contained 2.7% of CH2:CRR’- and 2.1% of CH,:CHR- 
type unsaturation in addition to the original trialkylethylene unsaturation, (ii) 
a cyclic sulfide fraction (12.0 g), collected at 0.1 mm (bath-temp. at 80-90°) in 
a trap cooled in acetone-carbon dioxide; and (iii) a polysulfide residue (24.0 g). 

Examination of the cyclic sulfide fraction (ii). Distillation gave a main 


4 

+ 


1074 RUBBER CHEMISTRY AND TECHNOLOGY 


cyclic sulfide fraction (Z), b. p. 82-88°/10 mm, n? 1.4968 (Found: C, 72.2; H, 
10.9; 8, 15.65%; C: H, 10: 18.0) which contained triene (II) 8%, (V) 38%, 
(VI) > 10%, and roughly equal amounts of (III) and (IV); no reliable estimate 
of (III) was possible owing to the large amount of (V) which masks absorption 
at 874cm™. Cyclic sulfide fractions comparable to (Z) gave similar analyses: 
for example, a cyclic sulfide fraction (F), b. p. 85-95°/10 mm, nj? 1.4970 
(Found: C, 71.7; H, 10.9; 8, 16.45%), contained triene (II) 9.3%, (V) 35-40%, 
(VI) 15%, and (III) and (IV). Attempts to hydrogenate the cyclic sulfide 
fraction catalytically failed owing to thiol formation and poisoning of the 
catalyst (cf. Bateman and Shipley®). Fractional elution of cyclic sulfide (2) in 
light petroleum through a silica gel column gave main fractions: (Zi), nj 
1.5300; (Hii), nj 1.5001; (Ziii), 1.4902; (Ziv), 1.4908; (Hv), 1.4897; 
(Evi), n% 14897. Fraction (Zi) contained 73.6% of the trans-C,, cis-Ce-triene 
(II), as indicated by ultraviolet absorption at 2730 A; identification of other 
components was not possible because of the large amount of (II) present, but 
(V) and a small amount of (VI) were probably present. Fraction (Hii) con- 
tained (II) 12%, (V) ~50%, and (VI) ~20%. Fractions (Hiii—vi) had similar 
spectra; (Hiii) contained 54% of (V) and the other fractions ~ 50-60% of this 
compound ; the ultraviolet spectra showed a maximum of ~1% of conjugated 
material [i.e., (II) and (VI) ] to be present in these fractions; identification of 
other compounds was hampered by the large amount of (V) present. Frac- 
tions (Ziii-vi) were combined (1.7 g) (Found: C, 70.2; H, 11.0; 8, 18.2%; 
C: H, 10: 18 65); it did not absorb hydrogen catalytically. The cyclic sulfide 
(1.13 g) was recovered and a portion (0.85 g) catalytically hydrogenated ; 0.93 
He per C,oHsS molecule was absorbed, to give a cyclic sulfide (Hiii-viH), b. p. 
80-90°/10 mm, nj 1.4728, shown spectroscopically to be almost pure (IV) and 
confirmed by the formation of the mercurichloride derivative of (IV), m. p. and 
mixed m p. 115-116°. 

Examination of the polysulfide fraction (iii).—A portion (20 g) in light pe- 
troleum was eluted through alumina. After evaporation and removal of a 
little sulfur, the residue was heated at 60-80°/0.1 mm for several hours to give 
a small distillate (Found: C, 59.2; H, 8.75; 8, 31.95%; C: H, 10: 17.6) anda 
main polysulfide residue (@) [Found: C, 51.75; H, 7.8; 8, 40.0%; M, 414, 428. 
Corresponds to (CyoHsS8e.9) 1-82 

Hydrogenolysis of (G) (10.0 g) as above gave hydrogen sulfide (equiv. to 
52% of “removable sulfur’’) and fractions: (Gi), b. p. <95°/10 mm, nj 1.4840 
(0.89 g) (Found: C, 71.75; H, 11.45; 8, 16.5; thiol-S, 16.2%; C: H, 10: 19.0); 
(Gii), b. p. 90-96°/10 mm, n# 1.4890 (2.25 g) (Found: C, 70.1; H, 11.0; 8, 18.6; 
thiol-8, 19.4%; C: H, 10:18.7. Cale. for CyoHS: C, 70.5; H, 10.65; 8, 18.85; 
thiol-S, 18.8. Cale. for CyoHooS: C, 69.8; H, 11.6; 8, 18.6; thiol-S, 18.6%); 
(Giii), b. p. 56-60°/0.01 mm, n# 1.5140 (1.16 g) (Found: C, 62.2; H, 9.7; §, 
27.6; thiol-S, 21.9%; C: H, 10: 18.6); (Giv), b. p. 60°/0.01 mm, n} 1.5218 
(2.66 g) (Found: C, 59.35; H. 9.7; 8, 30.85; thiol-S, 23.7, 24.0%; C: H, 10: 
19.5; M,224. Calc. for CyoHooSe: C, 58.8; H, 9.8;8, 31.4; 1 thiol-S, 15.6 M, 204); 
(Gv), a residue (1.27 g) which was evaporatively distilled at 140°/0.01 mm to 
give (Gvi), n# 1.5377 (0.61 g) [Found: C, 64.0; H, 9.75; 8, 25.5; thiol-S, 7.8, 
8.1%; M, 383. Corresponds to (CyoH1g.281.49) 2.06], and (@vii), a residue (ca. 
0.6 g) [Found: C, 60.3; H, 10.6; 8, 27.4; thiol-S, 3.0%. Corresponds to 
(CioH20.981.7) J- 

Spectroscopic examination of polysulfide (G) and its hydrogenolysis producte.— 
The infrared spectrum of polysulfide (G@) indicated that it was more unsaturated 
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than the polysulfides (D) and (Da), and this was confirmed by comparison of 
their ultraviolet spectra, viz., higher absorption in (G) at 2150-2500 A, at- 
tributable to isolated C:C groups or singly conjugated structures. The un- 
saturation was predominantly of the RR’C:CHR” type, absorption at 824 
em indicating 0.5-1.0 double bond per molecule. There was evidence of 
trane-R-CH:CH-R’ groups (<10-20%), but the presence of saturated cyclic 
sulfide structures which also absorb at ~ 960 cm™ precluded an accurate esti- 
mate. Despite the lack of well-defined bands in the infrared spectrum of (G) 
to allow the types of C—S links present to be definitely identified, it was con- 
cluded that the polysulfide had a complex acyclic-cyclic sulfide structure. 

The hydrogenolysis fractions (Gi) and (Gii) contained approximately the 
same amounts and types of unsaturation (RCH:CR’R”, 1.5 per mole; RCH: 
CHR’, 0.1; CHz:CR’R”, 0.1; C:C-C:C, 0.1). The infrared spectra of both 
fractions indicated the presence of asaturated tertiary thio group, Me2C(S—)R; 
weak bands at 1240 em™ suggested that small amounts of primary or secondary 
thiols may also be present. Fractions (Giii and iv) were more saturated than 
(Gi and ii); they could both contain the mercaptocyclic sulfides (XVII), 
(XVIII), and (XIX), the intensities of relevant infrared bands indicating a 
total of ~ 50% of these structures in agreement with the elementary analytical 
data. Ultraviolet absorption at 2390-2420 A in (Giv) probably indicates both 
C:C-C:C and C:C—S— chromophores, the latter being associated with mer- 
captocyclic sulfide structures such as (XX), (X XI), and (XXII). The maxi- 
mum amounts of the above chromophores are 5—5.5% of the former or 19% of 
the latter. (G@vi) was similar to (Giv) and contained only a small amount of 
unsaturation which was mainly trialkylethylenic; it contained an appreciable 
amount of cyclic sulfide structures possessing the skeletal structure of the 
thiacyclopentane (IV). Sharp-maximum ultraviolet absorption at 2400 A in 
(Gvi) could be due to 0.75 C:C—S— group or to 0.44 C:C-C:C group per 
molecule. 

Thermal treatment of polysulfide-——A sample (5.0 g) of a polysulfide (Ga), 
similar to (@) [Found: C, 51.9; H, 7.95; 8, 40.2%; M, 407, 413. Corresponds 
to (CoH g.3S2.9)1-77 ], which had been freed from cyclic sulfide by 5 hours’ heat- 
ing at 60°/0.001 mm., was heated in vacuo for 7 hr at 140°, the material becom- 
ing darker and more viscous. The product was eluted through alumina with 
light petroleum, and the eluate fractionated at 90°/0.1 mm, to give cyclic 
sulfide (H) (0.41 g), nj 1.4846 (Found: C, 71.6; H, 11.0; S, 16.8%; C: H, 10: 
18.3), containing (IIT) ~75%, and (VI) (max. amount 27%) ; the material also 
showed very weak maximum absorption at 2820 A (E1%,, 45), which may be 
due to a small amount of highly conjugated material. The residual polysulfide 
(Ia) (2.64 g) (Found: C, 52.35; H, 8.55; 8S, 40.1%; M, 430, 431. Corresponds 
to (C10Hi9.sS2.87) 1.86] yielded no further distillate from a pot still at 100°/0.01 
mm inl hr. Stripping the alumina column with chloroform gave polysulfide 
(1b) (1.62 g) [Found: C, 51.3; H, 7.3; 8, 39.9%; M, 503, 509. Corresponds to 
(CyoHy782.9)2.2]. The infrared spectra of polysulfides (Ja) and (Jb) were 
similar and suggested that both samples are nearly saturated, those bands in 
(Ga) assigned to trialkylethylenic groups having practically disappeared; be- 
tween 1150 and 900 cm™ the spectra of (Ja) and (Jb) are similar to those of both 
mercaptocyclic sulfides (XVII) and (XVIII). Ultraviolet absorption of (7b) 
at 2150-3000 A was less than that of (Ga), the greatest difference occurring at 
2450-2500 A; this decrease is ascribed to a decrease in content of conjugated 
structures. 
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Synthesis of mercaptocyclic sulfide (X VII).—The cyclic sulfide mixture used 
had n? 1.4924 (Found: C, 70.15; H, 11.2; 8, 18.6%; C: H, 10: 19.0). It was 
free from triene (II) and contained (V) 55%, (VI) > 7%, and (III) and (IV) 
(total ~38% by difference). A mixture of the sulfide (1.8 g) and redistilled 
mercaptoacetic acid (5 g ) was irradiated with ultraviolet light in a quartz tube 
in vacuo. Removal of unchanged acid and fractionation gave fractions: (iE, 
b. p. 29-30°/0.01 mm, ni? 1.4890 (0.31 g) (Found: C, 68.75; H, 11.35;S, 19.3%; 
C: H, 10: 19.7) which contained only (III) (67% based on a band at 874 em™) 
and (IV); (ii), b. p. <103°/0.01 mm (0.1 g); and (iii), b. p. 103-105°/0.01 mm, 
n% 1.5207 (1.58 g), predominantly 5-(2-acetylthio-1-methylethyl)-2-ethyl-2- 
methylthiacyclopentane (X XIII) (Found: C, 58.65; H, 9.0; 8, 25.7. 
requires C, 58.5; H, 8.95; 8, 26.0%). Hydrolysis of the thiolester (iii) (1.0 g) 
with boiling aqueous-ethanolic potassium hydroxide under nitrogen gave 
2-ethyl-5-(2-mercapto-1-methylethyl)-2-methylthiacyclopentane (XVII), b. p. 65°/ 
0.01 mm, n#% 1.5214 (0.76 g, 92%) (Found: C, 59.1; H, 9.8; 8, 31.3; thiol-8, 
17.0, 17.1%; C: H, 10: 19.8. CyoHeoSe requires C, 58.85; H, 9.8; 8S, 31.35; 
thiol-S, 15.6%), which gave a red color with the Rheinboldt test indicating a 
primary or secondary thiol. 

Sulfur-catalyzed thermal isomerization of cyclic sulfide (V).—The cyclie 
sulfide had b. p. 98-100°/18 mm, n?# 1.4895 (Found: C, 70.35; H, 11.0; 8, 
18.9%; C: H, 10: 18.7) and contained 60% of (V), 4.5% of (VI), and (IV), 
but no triene (II). It was unchanged at 140° + 0.1° in vacuo for 48 hr. The 
sulfide (0.5276 g) and sulfur (7.8 mg) were heated in vacuo in 140° + 0.1° for 
48 hr. Evaporative distillation in vacuo of a portion (0.33 g) of the product, 
n?® 1.4979, gave (i), a cyclic sulfide fraction, nf 1.4910 (0.30 g) (Found: C, 
70.5; H, 11.2; S, 18.35, 18.8%; C: H, 10: 19.0), Amax- 2290 A (E}%,, 113) in 
EtOH, and (ii) a polysulfide residue (0.03 g) (Found: C, 61.65; H, 9.1; 8, 
29.15%. Corresponds to (CioHi7.681.77)n]. If the polysulfide (ii) results 
from the reaction of (V) with sulfur, (VI) and the saturated cyclic sulfides 
being unaffected, then spectroscopic analysis of (i) indicates 37% of (V) and 
23% of (VI); thus of the 0.60 mole of (V) present in the original cyclic sulfide 
0.33 mole is unaffected, 0.16 mole is isomerized to (VI), and 0.12 mole is con- 
verted into polysulfide. 

Reaction of diene (I)-cyclic sulfide with sulfur—The cyclic sulfide had n% 
1.4920 (Found: C, 70.3; H, 10.85; 8, 18.3%), £}%,, 38 at 2290 A, and contained 
45% of (V), #7% of (VI), and the saturated cyclic sulfides (III) and (IV) 
( (III) > (IV)], but no triene (II). The cyclic sulfide (3.0 g) and sulfur (0.3 g) 
were heated in vacuo at 140° for 48 hr. Fractionation of the product gave: (i) 
cyclic sulfide (1.67 g) b. p. 90-95°/10 mm, n# 1.4937 (Found: C, 70.2; H, 11.2; 
S, 18.65%), E}%,, 268 at 2290 A in EtOH, containing 59% of (VI) and ~30- 
40% of (III), but no (V); and (ii) a polysulfide, b. p. <140°/0.01 mm, n@ 
1.5691 (1.3 g) [Found: C, 57.5; H, 8.85; 8, 34.0%; M, 385. Corresponds to 
(CyoHis.382.2)1.84) ]. The polysulfide was predominantly saturated. The pres- 
ence of crosslinked structures based on the mercaptocyclic sulfides (XVII)- 
(XIX) is indicated by the infrared spectrum, although this does not resemble 
(XVII) or (XVIII) sufficiently closely to indicate whether the polysulfide has 
primary and/or tertiary C—S crosslinks. However, the presence of a gem- 
dimethyl group, indicated by the splitting of the methyl deformation band, 
shows that some tertiary C—S groups must be present. 

We thank Mr. G. M. C. Higgins for the spectroscopic data. 
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SYNOPSIS 


Reaction of 2,6-dimethylocta-2,6-diene (I) with sulfur at 140° yields 2,6- 
dimethylocta-2,4,6-triene (II), the cyclic monosulfides (III)—(VI), and a cross- 
linked polysulfide fraction containing two diene (Cio) units joined by one or 
two sulfur crosslinks. Increasing the reaction time leads to redistribution of 
the polysulfidic sulfur in terms of increasing the proportion of cyclic monosulfides 
and of converting acyclic crosslinked polysulfide into structures having cyclic 
units based on the skeletal structure of (IV) vicinal to shorter sulfur crosslinks. 
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PART X.' THE KINETICS OF THE REACTION OF 
SULFUR WITH CYCLOHEXENE AND OTHER 
OLEFINS* 


G. W. Ross 


Tue British Russer Propucers’ Researcn ASsoctraTION, 
ELWYN GarpeN City, Herts., ENGLAND 


As stated in Part VIII’, the kinetic studies now reported are complementary 
to product studies described in Parts VIII and IX in a program of work aimed 
at elucidating the mechanism of sulfur-olefin interaction at about 140°. 

Attention has been given mainly to the reaction of sulfur with cyclohexene, 
because the latter is a relatively good solvent for sulfur, but reactions with 
1-methylcyclohexene, oct-1-ene, hept-2-ene, 2-methylpent-2-ene, 2,6-dimethyl- 
oct-2-ene, and the 1,5-diene, 2,6-dimethylocta-2,6-diene, have also been ex- 
amined. The rate of reaction increases until about 20% of the sulfur has re- 
acted and then continues at an almost steady value until nearly all the sulfur 
is consumed. Further reaction between the product and excess of olefin pro- 
ceeds at a diminishing rate. Kinetic analysis has been confined mainly to the 
period of accelerating rate (r.), and the information obtained appears to justify 
this procedure rather than considering the steady maximum rate (r,,). 


* Reprinted from bm Journal of the Chemical Society 1958, pages 2856-2866. For Part IX see the pre- 
ceding paper, this issue 
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EXPERIMENTAL 


Materials.—Cyclohexene was freed from peroxides and purified as described 
by Bateman and Huglies* and stored under nitrogen at —25° until required. 
The other olefins were as described in Parts VIII? and IX'. Immediately be- 
fore use, the olefin was passed under nitrogen through activated alumina and 
then distilled under a high vacuum. Sulfur was purified by Bacon and Fanelli’s 
method‘, and converted into a form suitable for introduction into the dilatom- 
eter (capillary tube of 1.5 mm internal diameter) by grinding and sieving or by 
recrystallization from cyclohexane. Cyclohexane was purified by nitration 
and fractionation (b. p. 80.5°/756 mm), followed by passage through a column 
of silica gel. Pure 2,2-diphenyl-1l-picrylhydrazyl and dibenzyl tetrasulfide 
were supplied by Lyons and Watson®, and Moore, respectively. 1-Azobis-1- 
phenylpropane was prepared as described by Cohen, Crosvos, and Sparrow’. 
Benzoquinone, trichloroacetic acid, triethylamine, and ethyl sulfide were puri- 
fied by standard methods; other substances were of ‘‘AnalaR” grade and were 
used directly. 

Procedure.—Reaction was followed by observing the volume contraction in 
a dilatometer with a cathetometer. The dilatometer had a bulb of capacity 
4-8 ml and a capillary tube of 1.5 mm internal diameter. The olefin was de- 
gassed and then distilled at <10-* mm into the dilatometer containing a 
weighed quantity of sulfur. Rapid dissolution of the sulfur was effected with 
vigorous magnetic stirring. Temperature variation during reaction was gener- 
ally <0.01°; if greater (as over long periods ) the volume changes were cor- 
rected. Allowance was made for the initial time lag (ca. 3 min) in reaching 
temperature equilibrium in the thermostat. At the end of a run, the dilatom- 
eter was cooled rapidly, the products were transferred to a wide-mouthed tube 
and degassed, and the unchanged olefin was distilled into a receiver cooled in 
liquid air and weighed. Unchanged sulfur in the residue was separated by 
successive filtration and cooling to —25°; the quoted sulfur contents of the 
polysulfides are probably a little high owing to the solubility of sulfur in these 
products. Weighings were made at each stage in these operations when it was 
necessary to correlate volume changes with extent of reaction. 

Reaction of cyclohexene with sulfur—(a) In a typical experiment, sulfur 
(0.3048 g) and olefin (4.0582 g) were heated at 139.3° for 5 hr; the contraction 
in the dilatometer tube was 42 mm. The volatile portion (3.79 g) of the mix- 
ture was unchanged olefin which was analytically (Found: C, 87.6; H, 12.2. 
Cale. for CsHi0: C, 87.8; H, 12.2%) and spectroscopically pure but contained a 
trace of thiol (smell and darkening of lead acetate paper). The sulfurated 
residue (0.56 g) [Found: C, 39.8; H, 5.5; 8, 54.5%; M (ebulliscopic in CgHe), 
367. Cale. for (CeH0S3.1)2: C, 39.7; H, 5.5; 8, 54.7%; M, 362] did not give a 
precipitate of sulfur even after one year at —25°. (6b) Sulfur (2.0 g), cyclo- 
hexene (8.1 g), and benzene (8.8 g) were heated un vacuo at 150° for 6 hr with 
gentle rocking. Evaporation in vacuo then gave a fraction of b. p. 79-80° 
(13.6 g) and a yellow mobile oil (0.3 g) (Found: C, 70.1; H, 9.8; 8, 19.6%; C: 
H, 6:10). The residue (4.2 g) (Found: C, 45.1; H, 6.7; 8, 48.0; C: H, 6: 10.6. 
Cale. for Cy2H20Ss5: C, 44.5; H, 6.2; 8, 50.8%) contained no phenyl groups as 
shown spectroscopically. 


RESULTS 


Until all the sulfur is consumed the sulfurated product can be formulated as 
two olefin units (RH) linked by several sulfur atoms, i.e., (RH)2S. (Table I). 
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TABLE I 
CoMPOSITION OF CYCLOHEXENE POLYSULFIDE (139.3°) 
S atoms per No. of cyclohexene 


Sulfur concn., Time, cyclohexene units in poly- 
g-atom/1 unit (7/2) sulfide molecule 


1.6 


* Sulfur totally combined. 


The data are consistent with the product being a mixture of alkenyl] alkyl! poly- 
sulfide, RS,RH:, and a polysulfide with two intermolecular sulfur linkages, 
8, 


RH RH (z = y +2), as revealed by structural studies*. During this 

period, to which the present kinetic study is restricted, the value of x remains 
sensibly constant, but it decreases thereafter, while the molecular complexity of 
the product increases, an effect which reflects the formation of a polymer 
species, RS-[S,.RHS,],-SRH2, which has also been identified earlier’. 

Comparable data to those of Table I were obtained at 120° and 130°, in- 
dicating that the composition of the polysulfide is independent of temperature 
up to the stage of total combination of sulfur. 

Calibration of volume contraction.—The linear contraction in the capillary 
tubing was directly proportional to the amount of cyclohexene which reacted, 
up to 5 hr at 139.3° (Figure 1), as determined by the difference between the 
original and the recovered amounts of olefin. In certain calibration experi- 


= 


a 


\ 


cyclo Hexene reacted(/0'mo/e) 


O 200 400 600 800 
Contraction (mm) 


Fra. 1.—Relation between contraction in a 1.5 mm diam. capillary and the 
amount of cyclohexene reac 


1079 
E: 
1 
“pe 
iss 
we 
SS. 


RUBBER CHEMISTRY AND TECHNOLOGY 


~ \ 


(10° mole) 


° 


4 
Time (hr) 
Fie. 2. .—Course of (2.0 g-atom/1) with cyclohexene (8.2 mole/l) at 139.3°. O Ex- 


0 ((RH ] assumed constant). ( ) Change in [RH] allowed for. 
(——-—) Limit of applicability of kinetic scheme. 


ments a dilatometer of 45 ml capacity with a 4 mm diameter capillary was 
used ; in Figure 1 the contraction given is for a 1.5 mm diameter capillary. The 
amount of sulfur which reacted was deduced from the composition of the poly- 
sulfide produced and the amount of olefin which reacted. Since each poly- 
sulfide molecule contains two cyclohexene units: 


[P] 3(RH Jehanged ~ [8]ehaneed (1) 


where [P] is the concentration of polysulfide formed in mole/l, and RH and 8 
denote the olefin and sulfur, respectively. 

A similar relation applied for the other olefins studied. 

Kinetic study of the cycloherene-sulfur reaction at 139.3°.—A typical run is 
shown in Figure 2. During the first 2.5 hr the rate increases to a maximum 
which persists for about 2 hr and then diminishes until after 50 hr the volume 


[P}*( 
° 
° 


° 
is) 


Time (hr) 


Fic, 3.—Plot of square root of polysulfide formed against time during period of accelerative 
" rate te of the sulfur-cyclohexene reaction (reaction conditions as fer Figure 2). 
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IT 
DEPENDENCE OF ACCELERATING RATE, ra, ON REACTANT 
AND Propuct CoNCENTRATIONS (139.3°) 


10%.(P]4 
(g-atom/1) (RH ]e (mole/1) (mole? 1-4 (mole~ I? sec~) 


0.47 8.43 
8.40 


SNE 
SSSSRRR2 


change becomes negligible. For the first 5 hr the volume change reflects the 
formation of a polysulfide of approximagely constant average composition 
(Table I). 

For the first tenth of reaction, the following relation was found to hold 
(Figure 3 and Table II): 


(P}! = k(t — t)(SJo#[RH Jo! (2) 


where ¢ represents total time, ¢; an induction period, the suffixes indicate initial 
concentrations, and k is a proportionality constant. (Variation of [RH ]o was 
achieved by using cyclohexane as diluent.) The induction periods, t;, increased 
with reductions in the sulfur and olefin concentrations and in temperature (e.g., 
from ca. 0.05 hr at 139.3° to 1.5 hr at 115° for the concentration conditions of 
Figures 2 and 3), but definite correlations with these variables were not estab- 
lished. 
The rate in this accelerating period, ra, is then given by: 


re = d[P)/dt = 2k([P RH Jo)! (3) 


Precise correlation of the maximum rate, r,,, with the reactant variables has 
not been found possible. However, at the arbitrarily chosen time of half re- 
action, t;, when (S Jreactea = [SJo/2 then the maximum rate, r,, is found to be 
proportional to [S]o and to the square root of the concentration of olefin then 
present (Table ITI), i.e., 


tm = k'(S}o(CRH]o — [S]or™)! (4) 


Taste III 


DePrENDENCE oF Maximum Rate, rm, AT ty ON SULFUR 
AND CYCLOHEXENE CONCENTRATIONS (139.3°) 


10*rm Jo 4 
(SJe (g-atom/1) CRH Jo (mole/1) (mole see) (mole? I? sec!) 


0.47 8.43 
0.88 ‘ 


2.20 & 
2.14 
2.27 
2.02 
2.13 
2.20 
2.34 = 
2.14 
q 
0.67 4.93 a 
0.51 4.04 
0.78 4.18 
0.88 8.33 1.25 4.95 2 
1.59 8.28 2.05 4.57 a? 
1.99 8.22 2.45 4.39 = 
3.20 8.06 3.34 3.83 fos 
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Taste IV 
TEMPERATURE DEPENDENCE OF fq AND fm 
me 115 120 125 130 139.3 


105r, (mole sec~ 0.136 0.216 — 0.725 2.22 


ot~!)~+ (mole? ]# sec™) 0.27 0.43 0.75 1.4 4.5 


Effect of temperature.—The relations (2), (3), and (4) also hold at 120° and 
130°. From results at these temperatures and more limited results at 115° 
and 125° (Table IV), the Arrhenius energies of activation for the reactions in 
the accelerating and the maximum rate regions were the same within experi- 
mental error (37 kcal/mole). 


TABLE V 


Errect or AppED CYCLOHEXENE POLYSULFIDE (P) ON THE CYCLOHEXENE- 
Sutrur Reaction at 120°. [S]o = 0.49 a—atom/L 


CP] (mole/1) 0.077 0.163 0.236 
10° rate (mole 1.46 2.07 2.46 
10° rate [P]-+ 5.25 5.14 5.06 


Effect of additives—‘‘Cyclohexene polysulfide” (Found: C, 54.2; H, 6.3; 
8, 48.5%) promoted the reaction and gave a constant rate in the early stages 
which was proportional to the square root of the concentration of the added 
polysulfide (Table V). 

Neither 1,1’-azoisobutyronitrile at 70° nor 1l-azobis-l-phenylpropane at 
110° appreciably affected the reaction. 


Tasie VI 


Errect or Free RapicaL INHIBITORS ON THE 
REACTION 


Conen. Conen. 
Free radical (10% Free radical (10% 
inhibitor mole/l) Temp. inhibitor mole/l) Temp. 
Hydroquinone 12 lodine 6.9 120 1.27 


Benzoquinone 8.6 Diphenylpicryl- 
nydrazyl 0.25 120 0.6 


Irradiation of the reaction mixture in a silica dilatometer with light from 
high- or low-pressure mercury lamps failed to induce reaction at 80—-100° 
Typical inhibitors and retarders of free radical chain reactions (Table VI) 
and of cationic polymerizations (tert-butyl alcohol, pyridine, and dioxan) failed 
to retard sulfur-olefin reactions. On the contrary, iodine and diphenylpicryl- 
hydrazyl eliminated the period of build-up to maximum rate, while benzo- 
quinone increased rq. 
Taste VII 
Errect oF TRIETHYLAMINE ON THE SULFUR-CYCLOHEXENE REACTION 
(EtsN] [SJo (mm hr [EtsN] [SJo (mm 
(mole 1~) (mole 1“) Temp. mole (molel™) (mole 1“) Temp. mole) | 


0 1.65 120° 1.2 0 1.69 135° 8.4 
0.33 1.65 120 3.8 0.33 1.69 135 17.0 
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L 
Time(hr) 


Fia. 4.—Effect of solvent medium on the sulfur-cyclohexene reaction at 139.3°. (—O-—-O}—-O}—) 
Cyclohexane, «=2 at 20°. (—X—X-—X-—) Diethyl sulfide, ¢«=7.2 at 20°. (—O—O-—O—) Nitro- 
methane, ¢ =39.4 at 20°. 


Trichloroacetic, benzoic, propionic, and stearic acid at 0.05-0.15 M-con- 
centrations increased the rate of reaction by 20-50% throughout its course, 
without affecting the composition of the product. 

Triethylamine (0.33 mole 1~) at 120° and 135° decreased the time to reach, 
and gave a higher, maximum rate (Table VII), in agreement with earlier 
qualitative observations on amine catalysis of sulfur-olefin reactions’. The 
overall activation energy was reduced from 37 to 31 kcal/mole. During the 
period when the sulfur is not wholly combined, little change in product composi- 
tion was detected. 

Changing from cyclohexane as diluent to solvents of higher dielectric con- 
stant, viz., diethyl sulfide and nitromethane, increased the rate of reaction in 
this order (Figure 4), without affecting the sigmoid nature of the extent of 
reaction-time curve. The product composition was unaffected, and there was 
no interaction of the sulfur with the solvent. 

Although thiols have often been postulated a. intermediates*, only traces 
have been detected in the products described in Parts VIII? and IX'. Addition 


Time (hr) 


Fie. 5.—Effect of on sulfur-cyclohexene reaction at 130°. Thiol con 
(mole/): 0.0. (—XxX—x— X—), 0.26. 1.34. 
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Fic. 6.—Course of reaction of sulfur with olefins “ _ ( ) Oct-l-ene. (—xX—xX—xX—) 
Hept-2-ene. (—V—V—Y—) cyclohexene. (—-O—O—O—) 1-Me (—A—A—A—) 
(— O—-O—) 2,6-Dimethyloct-2-ene. (—@— 2,6-Di-methylocta- 

,6-diene. 


of propane-2-thiol in concentrations from 1 to 50 molar % of the cyclohexene 
promoted the reaction at 130° without altering the shape of the reaction-time 
curve (Figure 5). The increase in rate is not large, however, and does not 
indicate that the thiol is an active intermediate. Moreover, the volatile ma- 
terial recovered at the end of the reaction always contained unchanged thiol 


TasLe VIII 
REACTION oF SuLFUR WitH 2,6—-DIMETHYLOCT-2-ENE aT 140° 


10%» (CRH Jo 
—[S]or)+ 
(g-atom/1) (RH ]o (mole/1) (mole sec) (mole? 


even after 25 hr at 130°. In the polysulfidic product, isopropyl groups were 
detected spectroscopically and by the C:H ratio, but these could result wholly 
or in part from the ready exchange reaction between thiols and polysulfides™. 

Reactions of sulfur with other olefins —The course of the reactions of sulfur 
with oct-l-ene, hept-2-ene, 1-methyleyclohexene, 2-methylpent-2-ene, 2,6- 


IX 
TEMPERATURE—DEPENDENCE OF Tg AND fm FOR THE 
REACTION 


10% (CRH Jo 10%rm(S 

Temp. (mole I (mole? It sec) Temp. (mole sec!) (mole 
0.28 
0.89 
1.31 


2.16 
3.54 
6.8 
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0.49 4.70 3.05 6.9 

: 0.57 0.45 3.05 6.8 

2 0.57 0.92 3.22 6.0 

m 0.57 2.23 3.02 6.6 

< 0.57 3.14 2.94 6.6 

0.77 4.68 3.18 7.3 

1.10 4.65 3.11 7.3 
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Fia. 7.—Effect of dibenzyl tetrasulfide on rate of reaction of sulfur 
with 2,6-dimethyloct-2-ene at 125°. 


dimethyloct-2-ene, and 2,6-dimethylocta-2,6-diene simulates that with cyclo- 
hexene (Figure 6). The reaction was 2,6-dimethyloct-2-ene has been studied in 
some detail, and kinetic characteristics similar in all respects to those reported 
above were observed. Equations (3) and (4) are obeyed (Table VIII), and 
the energies of activation associated with the accelerative and maximum rates 
(38 and 37 kcal/mole, respectively ; cf. Table LX) are practically identical with 
those found for cyclohexene. 1-Azobis-l-phenylpropane had no effect on the 
reaction, and the free radical inhibitor tetraphenylhydrazine caused no retard- 
ation. The polysulfide product catalyzed the reaction, as did dibenzyl tetra- 
sulfide at 125°, the square of the rate being a linear function of the polysulfide 
concentration (Figure 7). 

Analysis of the rate measurements on the several olefins on the basis of 
Equations (3) and (4) gives the data recorded in Table X. 


DISCUSSION 


Olefin-sulfur interaction has been described as a free radical chain process®’. 
A polar rather than a free radical mechanism is now indicated by (a) the non- 
retardation by substances which retard or inhibit known free radical chain 


TABLE X 
REACTION oF SULFUR WITH OLEFINS AT 140° 
—[S}or+)4 Composition of 
Olefin (mole sec!) (mole? I+ see~) polysulfide 

Oct-1l-ene 1.6 4.1 
2,6-Dimethylocta-2,6-diene 2.0 4.6 
Cyclohexene 2.3 4.9 Je-0 
Hept-2-ene 2.6 6.7 [C7HiSe.s Je.2 
2,6-Dimethyloct-2-ene 3.1 6.8 [CyoH 282.5, Jo. 1 
2-Methylpent-2-ene 3.9 12.9 Je-2 
1-Methyleyclohexene 4.1 6.6 [C7H12S2.25 Jo. 


* For oct-l-ene the reaction time was 11 hr; for other olefins this was 5 hr. 
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processes ; (6) the noncatalysis by free radical initiators and by ultraviolet light; 
(c) the catalysis by polar substances, especially amines and iodine; and (d) the 
increase in reaction rate in solvents of higher dielectric onstant. The depend- 
ence of the accelerating rate, rz, on the square root of the sulfur, olefin, and 
product concentration indicates a chain process in which the termination step 
involves mutual destruction of two chain carriers. 

The annexed formal reaction scheme is proposed, which for convenience is 
restricted to the formation of the alkenyl alkyl polysulfide component of the 
reaction product. 


Chain initiation p ———> TS,* + TS,- Rl 
Propagation 
TS,* + RH ——— TS,RH? Persulfenium ion addition to double bond R2 


TS,.R(=P) + RH:*+(=T*) R3’ 


Proton transfer 


TS.RH* + RH 


TS,RH2(=P) + R+(=T*) 
Hydride ion transfer 


T+ + 8s ——— TS,+ R4 
Termination 

Tt + TS;- =| R5 

TS.* + ——— }Nonchain carriers R6 


It will be shown in the following paper that the other main products of 
mono-olefin sulfuration which have been revealed by the structural studies 
reported in Part VIII’ can be explained by rational and kinetically equivalent 
variants of the propagation steps R2-R4. 

Three basic features of the mechanism require comment. First is the 
heterolysis of an S—S bond as the initiation step, rather than a homolysis as 
previously supposed**. This is a novel postulate, but is not at variance with 
present knowledge of the reactivity of S—S bonds in sulfur and polysulfides". 
Secondly, the chain carriers are identified with cations, although a kinetically 
similar mechanism can be based on participation of the persulfeny] anion in the 
propagation. This choice is based (i) on the known susceptibility of ‘“‘non- 
activated” double bonds to electrophilic attack, and their resistance to nucleo- 
philic reagents”, and (ii) on the structures of the products. Thirdly, although 
the intermediates are formulated as ions, it is not imagined that these exist as 
such in the reaction environment, but rather that highly polarized molecules 
and ion pairs or aggregates are formed which react with the ionic character 
specified. All three features are of considerable general interest and justify a 
fuller discussion which is given in the following paper. 

Application of the formal scheme to cyclohexene indicates how a product 
having an average alkenyl alkyl polysulfide structure is formed: 


4 
R3” 
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(T*) 


In this case the kinetically equivalent reactions R3’ and R3” yield structurally 
identical products and thus no means is available to determine their relative 
participation. With olefins having unsymmetrically substituted double bonds, 
however, structurally distinct polysulfides will result from the occurence of 
R3’ and R3” and thus their relative importance for these olefins can be deduced. 
The relative rates of reaction among the mono-olefins (Table X) are consistent 
with increase in nucleophilic power and facilitation of reaction R2 by increased 
alkyl substitution at the double bond. The variation in rate is small, however, 
probably in part owing to some compensating change of reactivity in the other 
chain carriers (TS,RH* and T*) and in part because of the much larger con- 
tribution of the initiation reaction, R1, to the overall energetics of the reaction. 

Kinetic requirements of the reaction mechanism.—By assuming stationary- 
state conditions and long kinetic chains, the following rate equation is derived: 


= A“(S}"*(RH] + Be 65) 


where 


ky 
Bo = (ks + ke)ky + (hs + kr) ky tks 
Co = ky "he + kg hz) (ko + 


and reactions R3’ and R3” are treated as a composite reaction R3. 

Equation (5) is seen to be equivalent to the experimentally determined rate 
in the accelerating region (Equation 3) provided A and C™ are neglected. 
This condition holds if the reactions involving the hydrocarbon ion T* are 
either very much faster or slower than the reactions involving the other inter- 
mediates. The former case is supported indirectly by the fact that benzene 
does not participate in the reaction (p. 1078). An interesting consequence of 
the greater reactivity of the T* species is apparent experimentally in the 2,6- 
dimethylocta-2,6-diene reaction (see below). 

During the early stages of the reaction when [RH] is practically constant, 
integration of Equation (5) (terms in A and C being neglected) gives 


2x[P] = [S]o[1 — cos (10) 


Expressing cos (B[RH ]»)!t as a power series and ignoring powers of t greater 
than the second then leads to: 


CP] = RH (11) 
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TABLE XI 


THEORETICALLY DERIVED VALUES OF B AND & FOR THE 
REACTION 


Temp. 115° 120° 130° 139.3° 
105B? (mole~? sec!) 0.29 0.55 1.9 5.5 
z 6.0 


6.4 6.4 6.7 


which is identical with Equation (2) if 2k = (B/z)!. 
The theoretical rate in the accelerating period is therefore given by: 


= RH ]o)! (12) 


By choosing the time in the region of maximum rate where half the sulfur 
reacts and substituting the appropriate polysulfide and olefin concentrations 
then obtaining {viz., [SJo/2x and ((RH]o — [S]or™, respectively} into Equa- 
tion (5), and again neglecting terms in A and C, gives the theoretical maximum 
rate at t; as: 


tm = — [So]r)!/2z (13) 


This is identical with the experimental expression (Equation 4), with k’ = 
B/2z. 

From the found values of k and k’, B and z can be separately evaluated, as 
for cyclohexene in Table XI. On substituting these into Equation (10), then 
the full lines in Figures 2 and 8 give the course of the reaction. Agreement with 
the experimental points is good until 90% of the sulfur has reacted and its 
further improved by correcting for the change in olefin concentration (broken 
lines). The values of x determined in this way agree well with experiment (cf. 
Table I). 

Although Equations (5), (12), and (13) have been derived on the assumption 
of long kinetic chains, this assumption is superfluous if termination occurs solely 


° 


>? 


[Poly sulphide |(10' mole) 
9° ~ 


1 
20 3O 40 
Time(hr.) 


8.—Course of reaction of a ay 0 g-atom/1) with  evsohenene at 120° and 130°. 
a at 120°. © Experimental at 1 ¢ ) . 10 (RH) assumed constant). 
Change in [RH] allo for. (———) limit of applicabi ity of kinetic scheme. 
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by Reaction R6 (the reverse of the inition reaction) since rate equations of the 
same form then result. 

The mechanism tacitly assumes that polysulfide is present initially to undergo 
dissociation to produce a chain carrier, but this is not so. A direct reaction be- 
tween sulfur and the olefin must therefore precede the chain process, rapidly 
becoming relatively insignificant as polysulfide is formed. The occurrence of 
induction periods at the lower temperatures studied and at lower sulfur and 
olefin concentrations (p. 1081) is consistent with both reactants’ engaging in a 
prior reaction of this kind which proceeds far less readily than the later multi- 
stage interaction. The influence of promoters of the overall reaction appears 
informative in this sense. One class, e.g., acids, do not affect the sigmoid 
nature of the reaction-time curve and appears to facilitate the propagation 
reactions, probably by aiding the proton exchange process R3’. Another 
class, e.g., iodine, amines, and 2,2-diphenyl-l-picryhydrazyl, gives an enhanced 
and initially linear rate of reaction, almost certainly by reacting or forming 
complexes with the sulfur to give polarized persulfenyl species more readily 
than does the olefin by direct reaction". 

Cyclic sulfide formation in the 1,5-diene system.—An apparently anomalous 
feature of the comparative rates of reaction of different olefins (Table X) is 
that 2,6-dimethylocta-2,6-diene reacts more slowly than a strictly comparable 
mono-olefin (2,6-dimethyloct-2-ene) despite having twice the concentration of 
double bonds as reactive sites. This diene also differs from mono-olefins in 
yielding a cyclic monosulfide mixture as a major product'. These two features 
now appear to be related and to reflect a special variant of the reaction mech- 
anism in 1,5-diene systems, viz., interaction of an S—S bond of a polysulfide, 
formed as outlined above, with a carbonium ion formed at an adjacent double 


bond by prior proton-transfer with TS,RH*, as illustrated. The esseitial 


kinetic feature of this process is that the carbonium ion (T*) is transformed into 
a cyclic sulfide and the less reactive chain carrier TS,*+ without consuming ele- 
mental sulfur. By thus explaining the reduced rate of reaction, as well as 
exactly defining the cyclic sulfides formed, strong evidence for the validity 
of the proposed formal mechanism is provided. 
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SYNOPSIS 


The interaction of sulfur and cyclohexene at 110—-140° has been studied 
dilatometrically. The reaction is autocatalytic, and in the early stages the 
rate is proportional to the square root of the sulfur, olefin, and product con- 
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centrations. Other mono-olefins react similarly. 2,6-Dimethylocta-2,6-diene 
reacts more slowly than comparable mono-olefins, despite having two double 
bonds per molecule, and this feature is associated with the formation of cyclic 
monosulfides in addition to the crosslinked polysulfides similar to those formed 
from mono-olefins. 

The kinetic and product data are consistent with a polar, not a free radical, 
chain reaction. 
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PART XI. THE MECHANISM OF INTERACTION OF 
SULFUR WITH MONO-OLEFINS AND 1,5-DIENES * 


L. Bateman, C. G. Moors, anp M. Porter 


British Rupsper Propucers’ Researcn Assocration, 48 Tewrn Roan, 
Wetwyn Garpen Crry, Herts., ENGLAND 


Believing an alkenyl alkyl polysulfide to be the major product of sulfur- 
mono-olefin interaction at about 140° and the main constituent of the cyclic 
monosulfide fraction likewise obtained from 2,6-dimethylocta-2,6-diene to be 
the thiacyclohex-3-ene (II), Farmer and his coworkers' advanced the following 
free-radical chain mechanism for olefinic sulfuration: 


—CH*CMe:CH- +. S,; 


ae, 


+ -CH,*CMetCH- ——> y + -CH'CMe:CH- 

In the special case where the sulfurated radical formed in (2) contains one 
sulfur atom, alternative reactions to (3) and (4) were proposed, viz., capture of 
a hydrogen atom, followed by polar or radical addition of the alkenethiol to a 
second double bond, and this was regarded as the main route to the cyclic 
monosulfides from 1,5-dienes: 


* Reprinted from the Journal of the Chemical Society, 1958, pages 2866-2879. 


“4 
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This mechanism has been widely quoted? despite little supporting evidence; 
it was based mainly on an assumed analogy with olefinic autoxidation whose 
radical-chain nature is well founded’. 

The detailed structural and kinetic studies reported in the preceding three 
papers now show: (i) that alkenyl alkyl polysulfides are not the sole primary 
products of the reaction of mono-olefins with sulfur; (ii) that the alkenyl alkyl 

polysulfides formed have not the structures to be expected from 

reactions (1)—(4); (iii) that 2,6-dimethylocta-2,6-diene does not 

yield cyclic monosulfides having structures consistent with a 

wholly free radical reaction (e.g., III), or with a free radical 

5 reaction yielding a dienethiol (e.g., I) which then undergoes 

(111) polar intramolecular addition to give (II) as detailed in (5); and 
(iv) that the kinetic characteristics indicate a polar and not a 

free radical mechanism. 

The above mechanism is therefore rejected and a polar mechanism is pro- 

posed, which is represented in its simplest form by Reactions (6)—(14): 


Initiation: Polysulfide ———~ TS,* + (6) 
Propagation: TS,* + RH(C:C) ————> TS,RH? (sat.) (7) 


(sat.) + Rt (8) 
TS,.RH* (sat.) + RH(C:C) 


+ RH,* (9) 
RS,* (10) 


RH,* (11) 
Termination: R* (12) 
RH,* + TS,- ————> Nonchain carriers (13) 
TS.RH* (14) 


where RH(C:C) is a mono-olefin; (sat.) denotes absence of C:C;H is an 
a-methylenic hydrogen atom; T is R or RH2; andaand6b2>1. The validity 
of this mechanism kinetically has been demonstrated by Ross‘; it will be shown 
here that Reactions (6)—(14) and rational extensions thereof logically account 
for the major products from mono-olefins or 1,5-dienes and sulfur. 

The fundamental feature of the proposed mechanism is heterolysis of S—S 
bonds. Since the reactivity of organic di- and polysulfides has often been 
considered to reflect a susceptibility to homolysis, it is necessary to examine the 
justification for these suppositions. 

Homolysis of S—S bonds.—Convincing evidence exists for the homolysis of 
S—S bonds in certain thermal and photochemical reactions. Thus, disulfides 
are efficient radical-acceptors for hydrocarbon radicals formed in vinyl poly- 
merizations initiated by free radicals® and during mechanical degradation of 


1 

* Polar addition. 
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elastomers by cold mastication®. These reactions may be generalized as: 
R- + R’S—SR’ ———> RSR’ + (15) 


Disulfides have been shown’ to be initiators of free radical vinyl polymeriza- 
tions, although it is significant that alkyl, aryl, and aralkyl disulfides are 
effective only under photolytic conditions; photolytic conditions are also essen- 
tial for disulfides to undergo homolytic thiyl-exchange reactions and for them 
to initiate the free radical addition of thiols to olefins*. These observations 
suggest that homolysis of S—S bonds cannot be effected by purely thermal 
means at temperatures commonly used in reactions of olefins with sulfur (about 
140°), but requires either an external free radical source [e.g., Reaction (15) or 
photochemical activation’ as in Reaction (16) ]: 


hy 
R’S—SR’ ———> 2R'S- (16) 


Kharasch and others’ and Lecher" regard as inconclusive or incorrect earlier 
evidence cited in favor of thermal homolysis of S—S bonds, such as, e.g., the 
thermochromic behavior of disulfides and their nonobeyance of Beer’s law", 
and the reaction of disulfides with hexaphenylethane in solution to give a mono- 
sulfide. Stronger physicochemical evidence is that hot solutions of benzo- 
thiazolyl disulfide in toluene are paramagnetic”, but Cutforth and Selwood" 
have pointed out that even this is not critical since excitation of the disulfide 
to a triplet state would produce a comparable effect. No evidence is available“ 
that simple alkyl or aryl disulfides display paramagnetism at temperatures up 
to 140°. 

Discussion of the homolysis of S—S bonds in the sulfur molecule, Ss, and in 
organic polysulfides is especially relevant. Gee and his coworkers*!® have 
described the increase in molecular complexity of liquid sulfur which occurs 
quite abruptly at 159° in terms of the formation of a linear polymeric diradical 
form of sulfur which is in equilibrium with 8, rings: 


8; + (17) 


for which confirmation is provided by recent paramagnetic studies of liquid 
sulfur at 189° and above!®. However, the existence of diradical forms of sul- 
fur at > 159° cannot be offered as evidence that a significant concentration of 
such species is present in olefinic solutions at ~ 140°, as required by the free 
radical chain mechanism of Farmer and others'. Sulfur and organic poly- 
sulfides are as reactive as disulfides towards hydrocarbon radicals, e.g., alkyl 
and alkenyl radicals derived from alkyl- or alkenyl-phenyltriazens!’. By 
contrast with disulfides, sulfur inhibits the free radical polymerization of vinylic 
monomers'’, this being ascribed to homolysis of the S—S bond in the Ss mole- 
cule by the polymeric radical [Reaction (18)], giving a persulfenyl radical 
incapable of reinitiating polymerization: 


+ 8; ——— R,S,- (18) 


Organic polysulfides, R’S,R’ (x > 2), also act as polymerization inhibitors’ 
and do not initiate vinyl polymerization even under photolytic conditions. 
Birch and others’ state that di-tert-buty] trisulfide is an exception in this re- 
spect, since it photolytically initiates polymerization of acrylonitrile. No 
explanation appears to have been offered, for the reduced reactivity of R’S,- 
(x > 2) compared with R’S- in initiating vinyl polymerization, but one is 
probably revealed by recent work’ which suggests that R’S,- radicals are 
partly stabilized by a resonance structure containing a ‘‘three-electron bond” : 


3; 
= 
i 
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R—S—S—S- R—S—8-8. Gee and others® consider this stabiliza- 
tion to be responsible for the heat of scission of the S—S bond in a polymeric 
diradical sulfur chain being <35 kcal/mole, compared with a heat of atomiza- 
tion of about 428 kcal/mole for the 8s ring (equivalent to a heat of scission of 
53 kcal per S—S bond in the ring), and point out that in organic polysulfides 


a b 

it will lead to an S—S bond stability sequence in R’—S—S—S—S—R’ of a 
> b, if interactions involving the group R’ are neglected. 

Tosummarize: purely thermal homolysis of S—S bonds in sulfur and organic 
di- and polysulfide molecules at temperatures below 140° has not yet been con- 
clusively demonstrated; such fission occurs only when induced photolytically 
or by a radical displacement reaction such as (15) and (18). 

Heterolysis of S—S bonds.—The S—S bonds in sulfur and organic polysul- 
fides are readily broken by nucleophilic reagents, as represented by (19): 


Common examples include the attack of SO;?-, CN-, RS~, or HS~ ions on sul- 
fur and di- and polysulfides”® and reactions with Grignard reagents (RMgX) 
and lithium aluminium hydride” are probably other examples, the respective 
nucleophilic species being R~ and AlHg. More recently, evidence has been 
offered that the nonionic nucleophiles RgN: and R;P: participate in Sy2 re- 
actions at S—S bonds. Jennen and Hens” and Krebs” formulate the reaction 
of molecular sulfur with tertiary amines as: 


R,N: + 8,———> (20) 


and Bartlett and Meguerian®™ obtained kinetic evidence that the reaction of 
sulfur with triphenylphosphine, to give triphenylphosphine sulfide, involves an 
initial rate-determining Sy2 heterolysis of Ss [Reaction (21) ], followed by a 
rapid sequence of comparable reactions typified by (22): 

+ Ss R,Pt-S-S,-S~ . . . . . . . . (21) 


The reaction of triphenylphosphine with allyl disulfide has also been inter- 
preted” as a polar process [Reaction (23) ], contrary to the free radical postulate 
of Schénberg and others!:*5: 


Ph,P: 
RS—SR ——t RS+ + RS- [Ph,P-SR]+SR Ph,PS+RSR . (23) 


and a similar view is taken of the reaction of triethyl phosphite with diethy] 
disulfide”® : 


(EtO),P: + EtS—SEt ——— > [EtS- P+ (OEt); JS-Et ———> 
EtS-P:O(OEt): + EtSEt (24) 


The relevance of Reactions (20) and (21) to the function of vulcanization ac- 
celerators and zinc salts in increasing the rate of sulfur-olefin reactions will be 
discussed elsewhere. 

Electrophilic fission of S—S bonds, as is now envisaged in olefin sulfuration, 
is less well authenticated. One example is thought to be the acid-catalyzed 
interaction of alkyl disulfides with olefins to give bis monosulfides, as in the 


x 
ime 
= 
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chain sequence (25)—(28)?’: 


H 
RS—SR + H+ ———> [RS—SR]* (25) 
H 
[RS—SR]* + CH.—CH, ———> RS—CH.—-CH:;* + RSH (26) 
RS—CH.—CH,* + RS—SR ——-—> + (27) 
RSt+ + CH.=—CH: RS—CH:—CH;* (28) 


To explain the formation of monosulfides as minor products when strong acids 
such as hydrofluoric acid are used, Reactions (29)—(31) are then postulated as 
an additional chain-initiation process: 


CH.=CH; + Ht -——~ CH;—CH:* 


(29) 
R 
CH,—CH;* + RS—SR ———> ]* (30) 


R 
[RS—S—CH,-CH; ]* RS-CH:-CH; + RS* (31) 


Reactions comparable to (27) and (30)—(31) have been advanced to explain the 
formation of monosulfides from the thermal reaction of dialkyl disulfides with 
betaine (Me;N*+-CH2-CO-O-) which acts as a source of Me* cations [Reaction 


(32) 
e 
RS—SR + Met [RS—SR]* RSMe + RSt (32) 


Similarly, the fission of S—S bonds in carboxyl-substituted alkyl disulfides by 
dimethylformamide (B: ) has been formulated as an acid-base catalyzed reaction” : 


B: Ht + RS—S—CH:R’ ——— -S—-CH:R’ + B: ———> 


B: 
RSH + *S—CH.R’ ———> RSH + 8:CHR’ + B:H*+ (33) 


Interaction of S—S bonds with olefinic double bonds.—Reaction (6) has been 
formally represented as the dissociation of a polysulfide into free persulfenyl 
ions, which in the prevailing nonpolar medium must be associated either as an 
ion pair or as constituting a highly polarized molecule. Species of this kind 
have been postulated in other polar reactions in nonpolar solvents where solva- 
tion forces cannot provide the large amount of energy necessary for separation 
(as distinct from formation) of two unlike ions*®. Polarization of S—S bonds 
in sulfur and polysulfide molecules will be promoted by the electron-donor 
activity of olefinic double bonds, just as this promotes complex formation with 
iodine", silver and various metallic salts**, ef. : 

I-I g* 
Such association is essentially similar to, although of a lower order than, the 


nucleophilic attack of tertiary amines”? and triarylphosphines* on sulfur. 
A truer representation of Reactions (6) and (7) is therefore: 


» ee + +(34) 
a-i 


Initial state , Transition state Final state 
(IV) 


id 
+ r) 
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The sulfuration process as represented by Reaction (34) is thus mechanistically 
analogous to other reactions involving the addition of electrophilic reagents to 
olefins in nonpolar media, e.g., halogen addition™ and “allylic” chlorination®, 
ozonolysis®, and addition of sulfenyl halides*’. The cationic moiety of (VI), 
formulated as a bridged persulfonium ion by analogy with comparable struc- 
tures*® and because of certain reactivity characteristics discussed below, ap- 
pears to be the dominant intermediate in determining the course and products 
of the overall sulfuration process. The highly complex nature of the prod- 
ucts® can be related logically to the various possibilities of reaction of this 
cation, viz., combination with the associated anion or with a sulfur molecule, 
and proton or hydride ion-exchange with an olefin molecule, the differences in 
product compositions in different olefinic systems reflecting changes in the rela- 
tive importance of these competing reactions as detailed below. 

The persulfenyl anion, TS,~, does not appear to participate in the olefinic 
sulfuration, although it may well facilitate the breaking of the Ss ring, in keep- 
ing with the known ability of sulfenyl anions to induce S—S bond scission”, 
and it will certainly engage in exchange reactions with the polysulfide products”. 
There is no evidence for the addition of this anion to an olefin, this being in ac- 
cord with the fact that base-catalyzed addition of thiols to double bonds occurs 
only when the latter are activated by electron-attracting substituents (CO.R, 
CHO, 

Sulfuration of 1-Octene.—2-Methylheptyl 2-octenyl sulfides (VII; a 2 1), 
the cyclic compounds (VIII; a” and 6 2 1), and the polymeric material (IX; 
a and b > 0; n > 1) are major products, and 1,2-epithio-octane (X) a minor 
product, of this reaction®. The formation of these compounds (which are 
not obviously related) and their derivation from common intermediates can be 
rationalized on the basis of the arguments developed in the last section, as 
indicated in the annexed reaction scheme, where R’ = CsHy3 and the numbers 
refer to reactions already designated. 


(9) (11) 
TSQRH® + CH,:CHR’ TSR + Me*CHR’ 


Me*CHR* + Me-CHR“*S 
(Vil) (XI) 2 
cos 
Me+CHR’ +S CH,:CHR’ 

-CH=CH, CHR’ AHR’ 

fi CH,: CHR’ bi 

Me: 4.5 . 2 

CH,—CHR + [(11) 
S, (9) ‘ 
(VII) Me-CHR”S ,*CHy'CHR 
+ 


Me*CHR’ 


a and 6303 n >I) 


fey 
Ping 
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Important features of this scheme are: 


(i) The reactions leading to the different products are the propagation steps 
in the basic chain mechanism (p. 1091), or kinetically equivalent variants which 
generate carbonium or persulfenium ionic-type intermediates in the product- 
forming reactions (to give VIII-X). This justifies kinetic analysis in terms of 
the basic mechanism, notwithstanding the complexity of the product*. 

(ii) The bridged persulfonium ion (XI) appears to react mainly (a) by 
combining with sulfur, to give subsequently (VIII), (IX), and (X), and (b) by 
transferring a proton to an olefin, thereby giving (VII). The effect of (b) is to 
cause the sulfur chain in (VII) to be attached to the secondary position of the 
alkyl unit and to the primary position in the alkenyl unit, as is found experi- 
mentally®. 

(iii) The unsaturation pattern in (VII) is that of an allyl sulfide. This 
strongly suggests that proton elimination occurs in a process specifically in- 
volving the bridged persulfonium unit and a B-CHg, group (Reaction 35): 


TS 


RH or + + 
CH,CH:CH-C,H,, + RH, of T 


(X17) H 


rather than from the carbonium ion TS,—CH2-CH-CH::CsHy, which would 
be expected to give at least a proportion of the more stable vinyl isomer, TS,— 
CH:CH-CH:2-Cs;H;;"*.. This mode of deprotonation and its structural con- 
sequences are also evident in the diisoprenoid system (p. 1100). 

(iv) Hydride ion transfer (Reaction 8) appears not to occur to an ap- 
preciable extent. Its occurrence would generate the mesomeric cation 
+ 


CHe==-CH==-CH:-CsH);, which should lead to a small but readily detectable 
amount of the 1-vinylhexy] sulfide structure, CH.: CH-CH(CsH;)-S,— in the 
alkenyl unit of the octenyl octyl polysulfide—which is contrary to fact*. 
With other olefins, however, this reaction is of considerable importance. 

(v) Neither the detailed structure of any given product nor the different 
types of product formed can be explained by the free radical reaction mechanism 
of Farmer and his coworkers!'. 


Sulfuration of di- and trialkylethylenes.—In passing from l-octene to cyclo- 
hexene and then to trialkylethylenes the following trends are observed: (i) the 
rate of sulfuration increases‘, and (ii) similar products are formed but the pro- 
portion of alkenyl alkyl polysulfide increases considerably at the expense of 
cyclic and polymeric compounds typified by (VIII) and (IX)*. In the alkenyl 
alkyl polysulfides obtained from trialkylethylenes, the unsaturation is mainly 
of the type CR’R”: CHR’, and the attachment of the sulfur to the alkyl unit 
is at the tertiary carbon atom (—S—CR’R”-CH.R’”’)®, as depicted in 
(XIII). The second structural feature is compatible with proton-exchange 
(Reaction 9) equivalent to that detailed for 1 -octene, but the first feature is not, 
since complete replacement of the original unsaturation pattern by the types CH: 
CR’R” and CHR’:CHR” (which are found to only a minor extent) would 
then be required. It appears therefore that in the sulfuration of trialkylethyl- 
enes, Reaction 9 is of little importance compared with the competitive hydride 
ion transfer (8), whose detailed course can be represented as: 


> 
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+ 
TS. 


TS,+ + CR’Me:CH*CH,R” (XII) 


| Transfer 
with 
H 


(R’Me)C==CH==CHR” + 
+ 


Ss 
R’MeC:CH:CHR” 


(R’Me)C*CH:CHR” +. R’MeC:CH:CHR” Se 


+S. 
(equiv. to TS,*) 


Olefins are known to participate in hydride ion transfers of this type, which 
will be promoted by alkyl substitution at the far side of the adjacent double 
bond owing to the greater resonance stabilization of the resultant allylic car- 
bonium ion (cf. the comparable influence in free-radical olefin autoxidation®). 
Such substitution can thus be expected to facilitate the above sequence of re- 
actions, and in doing so to repress relatively the alternative reactions of the 
bridged persulfonium ion involving proton transfer and addition of sulfur. The 
rate and product changes through the olefin series detailed above are, therefore, 
mutually consistent and understandable. In the case of the particular tri- 
alkylethylene, 2,6-dimethylocta-2,6-diene, there is a specific consequence of 
hydride-ion transfer (p. 1100). 

One special feature of the hydride ion transfer represented above may be 
noted, viz., the attachment of the hydride ion to the least substituted carbon 
atom of the bridged persulfonium ion (XII), leading to the tert-alkylperthio- 
linkage in (XIII). The opening of the bridged persulfonium ion (XII) in this 
way, which in effect is contrary to Markownikoff’s rule for polar addition of the 
electrophile TS,* to a double bond, is unusual but not unique. The usual 
direction of opening of bridged ’onium ions (XIV; AX = NRo», SR, or OH, 
etc.) by attack of a nucleophilic reagent Y~, recognized in numerous re- 
actions**., is that leading to (XV), and is attributed“ to the preferential forma- 
tion of the tertiary carbonium ion by ring fission of (XIV) before attachment 


of the addendum Y~-: 


A A 
ae f 
/ 
7 
(XIV) (XV) 


The reaction conditions are generally those conducive to this essentially Sy! 
type, two-stage process. 

An alternative, Sy2 type process is possible, however, in which ring fission 
oecurs synchronously with nucleophilic attack by Y~ preferentially at the least 
substituted carbon atom: 


1097 
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XA 


Reactions believed to illustrate this process, and certainly to involve migration 
of a group (AX) from a less to a more substituted carbon atom, are: (i) the 
reaction of 3-chloro-l-ethylpiperidine (XVI) with benzylamine to give 
2-(benzylaminomethyl)-l-ethylpyrrolidine (XVII)* (Reaction 38); and (ii) 
the displacement of chlorine from 2-chloropropyl methyl] sulfide (XVIII) by 
sulfite ions to ne (XIX) (Reaction 39)**. Particularly pertinent examples 


+(38) 


(XVI) 


SMe SMe 

Me-CH—CH, + MeCHuxCH, —> Me-CH—CH, (39) 


are the reactions of chlorine and of bromine with propylene sulfide in anhydrous 
chloroform and carbon tetrachloride, which are formulated’ as shown (for 
chlorine). It is to be noted that this series of reactions, in which opening of the 
episulfide ring occurs exclusively to give sulfur attachment at the more sub- 
stituted carbon atom, proceeds in nonsolvating media where Sy2 type inter- 
action of the postulated ionic intermediate will be favored, whereas ring open- 
ing in which a bridged sufonium ion is first converted into a much more labile 
carbonium ion will not. 


‘CH— Me-CH7"=CH -CH— 


scl 
| 
Me:CH=CH, 
Me-CH—CH,CI Me-CH—CH,CI_ 
\ 
/ +" 
Me-CH—CH,Cl 


The hydride ion transfer step in the sulfuration process can reasonably be 
regarded as analogous to the above reactions in being a bimolecular substitution 
at the least substituted carbon atom of (XII) (Reaction 40): 


TS, 


TS, 


Me~ 


1098 
> 
(XVI) Ee Et 
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where H—R is the olefin and the hydride ion transferred is a-methylenic. 
This interpretation of the reaction not only rationalizes the present findings 
but allows apparently anomalous data in the literature to be understood. Thus, 
Bloomfield** found that the main product from the thermal reaction of 1-methyl- 
cyclohexene and dipheny! tetrasulfide was 1-methyleyclohexyl phenyl] sulfide, 


—-SPh 


and was unable to account for the addition of the elements of PhSH, or addition 
in accord with Markownikoff’s rule, having regard to the belief in the free 
radical nature of sulfuration processes then current'. The reaction appears now 
to be analogous to the reaction of a trialkylethylene with sulfur, with hydride 
ion transfer proceeding as specified above (Reaction 41). 

Sulfuration of 2,6-dimethylocta-2,6-diene—The products of this reaction are 
the triene (XX), a cyclic sulfide mixture, consisting mainly of (XXI) and 
(XXIII), with some (XXII); (XXIV) appears in greater amount at the ex- 
pense of (XXIII) as reaction proceeds, and complex polysulfides whose com- 
position also changes with reaction time®. In the early stages of reaction, 
there is a predominance of acyclic polysulfidic structures typified by (XXV) 
and (XXVI), but compounds containing cyclic sulfide units and having short 
sulfide crosslinks (S; or S2) as in (X XVII) and (XXVIII) (a = 1 or 2, and the 
dotted lines represent: alternative positions of the sulfur linkage and possible 
sites of unsaturation) are later formed to an increasing extent. 

It was previously believed that the cyclic sulfides (XXI)—-(XXIII) were 
primary products®. Thus, (XXIII) was thought to result from direct attack 
of sulfur at one double bond of the diene followed by cyclization of an intermedi- 
ate perthiol (reaction 42). Oxidation of the perthiol to liberate hydrogen sul- 


fide (2R-S,H wien R-Sez-R + HS) which can then add in a polar manner 
to the diene to give a mono-olefinic tertiary thiol susceptible to intermolecular 


(XX) (XX1) (XXII) (XXIV) 


(XXVII) 


Ph 
PhS; > + Rt 

Me 
Me Me H = 

V4 
a $ 
a 
(XXV) (XXV1) 
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addition was held to be the origin of the saturated sulfides (X XI) and (XXII). 
However, recent evidence does not accord with the participation of thiols as 
intermediates in these reactions‘, and it is now believed that the acyclic poly- 
sulfides are the sole primary products and that the cyclic sulfides, both free and 
combined in later formed polysulfides, arise wholly from secondary reactions 


SH 


mss, 


similar in type and kinetically equivalent to the primary product-forming steps. 

Reactions leading to the primary polysulfides in accordance with the sulfura- 
tion mechanism now advanced are set out below. Only the more important 
possibilities for isomerism are given; it is to be understood that deprotonation 


Se 


(R*H,) 
(XXV) + R*H, 


cransfer 


(XXIX) H* transfer 
RH 


(XX) + R*H, 


(XXVIl) + 


of the persulfonium ion, TS,+RH, for example, may lead to some unsaturated 
sulfide units of the type C(8,T)—C=C— as well as the terminal viny] 


C 
type present in (XXV). 

Whereas stabilization of the bridged persulfonium ion, TS,*RH, appears to 
occur predominantly by proton transfer in 1-octene and by hydride ion transfer 
in singly unsaturated trialkylethylenes, both these processes can be recognized 
in the di-isoprenic system. Indicative of the first is the formation of vinylic 
unsaturated units CH,:CR’R” (cf. p. 1101), as in the polysulfide (XX V) and 


— 

+ 

|r 

arty Sig. 

: 

4, 

"fe, Fe 

(R*) 

(TS RH) 
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: 

RH 
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the derived cyclic sulfide (XXIII) (see below), while strong evidence for the 
second is the formation of the triene (XX). The latter feature further indicates 
an understandable difference in reactivity of the allylic carbonium ions formed 
by loss of a hydride ion from the structures CMe.:CH-CH2R and CMe::CH 
-CH2-CH2,-CMe:CHMe; in the first case, combination with sulfur ensues to 
give a persulfenium ion (p. 1096); in the second, the unsaturation pattern pro- 
vides a strong driving force for a preferential deprotonation, and thus the 
formation of the highly resonance-stabilized conjugated triene (XX). This 
triene undoubtedly competes with the diene in the overall sulfuration and is 
probably the source of the small amount of conjugated diene unsaturation de- 
tected in the crosslinked polysulfidic mixture®. 

The cyclic sulfides (X XI) and (XXIII) can be derived from the primary 
polysulfides (and also from isomers resulting from initial protonation at the 
other double bond in the diene) by intramolecular reactions induced by, and 
involving, active intermediates analogous to those postulated for the primary 
sequence of reactions as exemplified in the annexed scheme. The allylic sulfide 
(XXIII) is known® to undergo a sulfur-catalyzed isomerization to the vinylic 
isomer (XXIV), and would be expected to undergo other reactions leading to 


(XXV) exxixy 


fon 
+ + (XX1) + 


H* transfer from or Rt, 


the saturated thiacyclopentane (XXII) and to polysulfidie-cyclic sulfide struc- 
tures such as (XXVII) and (XXVIII): analogous reactions applied to cross- 
linked polysulfides of type (XX VI) lead to similar polysulfidic cyclic sulfide 
structures. The formation of (XXVIIb) accords with the finding of conju- 
gated vinylic sulfide units in these structures although they are absent from 
the acyclic polysulfides®. 

The basic sulfuration mechanism thus explains the formation and nature of 
the numerous products detailed above. Conversely, it definitely implies the 
formation of a complex mixture of products which changes in composition as 
sulfuration proceeds as a result of successive reactions involving products as 
well as primary reactants and yet conforming to a single kinetic pattern. One 
significant kinetic distinction between the 1,5-diene and the mono-olefin system 
is associated with cyclic sulfide formation in the former, as discussed below 
(p. 1102). 

Sulfuration of polyisoprenes.—The crosslinking (vulcanization) of natural 
rubber by sulfur alone at 140° is a very inefficient reaction; each effective cross- 
link requires the combination of some 40—60 atoms of sulfur®:**. This has been 


(1) 


(XXVIlla) 


(XXIV) 
(5) 


(XXVIIIb) 


(XXVIfa) 
(XXVItb) 


attributed™ to the incorporation of the sulfur (a) in multiatom crosslinks (S.- 
Ss), and (5) in cyclic sulfide (noncrosslinking) structures; to these must now be 
added (c) in adjacent crosslinks, as in (X XVI), which act physically as a single 
crosslink. The present work throws light on three aspects of this technologi- 
cally important and hitherto little understood subject. 

First, contrary to earlier ideas®:*' no acceptable mechanism can be ad- 
vanced to explain the formation of cyclic sulfide independently of, and yet 
competitive with, the formation of polysulfide. Secondly, although acyclic 
polysulfides are now held to be the precursors of the cyclic sulfides, this con- 
version does not result in the ultimate destruction of a crosslink (cf. Ref. 51); a 
persulfenium ion, TS8,*, is concurrently produced and this forms a new crosslink 
by reaction with the polyisoprene. The inefficient use of sulfur in this sense is 
in fact more subtle than previously supposed"; it involves not the destruction 
of crosslinks, but the diversion of carbonium and bridged persulfonium ion inter- 
mediates (R*+ and TS,*+RH, respectively) from reactions which directly create 
crosslinks to those giving cyclic sulfides. Thus, protonation of double bonds 
vicinal to sulfur attachments by the species R* or TS,*RH (p. 1101) leads to 
cyclic sulfide rather than to the crosslinking which directly follows the protona- 
tion of other double bonds. In the formation of cyclic sulfide, a carbonium ion 
is in effect transformed into a persulfenium ion without combination of sulfur. 
It is this transformation which is held responsible for the lower rate of sulfura- 
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tion of 1,5-dienes compared with comparable mono-olefins‘, and otherwise 
peculiar feature of these reactions. 

The third point to be made is that the mechanism now proposed for cyclic 
sulfide formation in a di-isoprene does not readily explain an important feature 
of the polyisoprene system, viz., the formation of many isolated cyclic sulfide 
structures (i.e., not associated with crosslinking units), as inferred from the low 
crosslinking efficiency of vulcanization. Protonation at a double bond vicinal 
to a polysulfide linkage has been postulated as a prerequisite for formation of a 
cyclic sulfide. In a polymeric olefin such as natural rubber, random protona- 
tion would be expected greatly to outweigh this directed protonation, unless 
special factors come into play. Two possible factors are: (i) polarization of 
specific double bonds, creating an enhanced affinity for protons, by interaction 
with neighboring sulfur atoms (e.g., X X-XI) (cf. p. 1094); (ii) preferred proto- 
nation of the polysulfidic chain, followed by attack of the resultant persulfonium 
ion (XXXII) at an adjacent double bond (Reaction 43) (cf. Ref. 27). 


‘a7 ‘an Ck - XD + TS, 
+ 
SH 
| > 
TS TS TS 


(XXX1) (XXXII) 


The effect on these reactions of the technologically important accelerators 
and other auxiliary vulcanizing agents for rubbers will be discussed elsewhere; 
a major effect is to increase the importance of persulfeny! anions (TS,—) relative 
to the persulfenium ions in promoting combination of sulfur and in favoring 
crosslinking. 


SYNOPSIS 


A polar chain mechanism is advanced for reaction of olefins with sulfur at 
about 140°; the initiation step is heterolysis of a polysulfide into polar persul- 
feny] intermediates, at variance with the current view that thermal dissociation 
of S—S bonds under these conditions occurs homolytically. A review of the 
literature indicates that, while such homolysis can be induced photochemically 
or by reaction with other free radicals, it does not occur simply on heating sulfur 
or organic di- and polysulfides at about 140°. 

The reaction mechanism, which is consistent with kinetic data (Part X), 
accounts for the formation of complex polysulfides, including cyclic structures, 
from 1-octene, di- and trialkylethylenes and 2,6-dimethylocta-2,6-diene. The 
products are complex because a bridged persulfonium intermediate can lose a 
proton to, or gain a hydride ion from, the olefin (thereby becoming a polysulfide), 
or combine with sulfur to produce a persulfenium ion which ultimately forms a 
multibridged polysulfide derived from two or more olefin units. These com- 
petitive reactions occur in different proportions with different olefins—proton 
loss is more important than hydride ion gain in a 1-alkene, while the converse is 
true for trialkylethylenes. 

Cyclic monsulfides formed from the 1,5-diene are essentially secondary 
products resulting from the first formed polysulfides which engage in proton- 
transfer processes to give sulfurated carbonium ion species: these effect intra- 
molecular heterolysis of adjacent polysufide linkages, the processes being 
similar to those postulated for the initial reaction. 
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STABILITY OF HIGH POLYMER LATEXES AND THEIR 
ELECTROKINETIC POTENTIALS * 


S. S. Voyrutskii R. M. Panicu 


M. V. Lomonosov Institute oF Fine CHemicat TecHNnotoey, Moscow, USSR 


The stability of colloid systems is a central problem of colloid chemistry. 
Therefore, many papers have been devoted to studies of coagulation and to the 
development of criteria of stability for colloid systems. For a long time a 
prevalent opinion was that the stability of colloidal particles could be explained 
by the fact that like charge on the particles prevents agglomeration of particles 
which collide due to Brownian motion. This opinion was first expressed by 
Hardy' and later developed by Powis’, Ellis* and a number of other scientists. 
According to this point of view, electrokinetic potential (¢ potential) is the 
measure of stability. However, after detailed investigation of coagulation 
phenomena and accumulation of experimental data the correctness of this point 
of view became less obvious, and the statement that the electrokinetic potential 
is a criterion of stability of colloidal systems underwent vigorous criticism. 

The reasons for the measured values of electrokinetic potentials not always 
corresponding to the stability of certain systems are as follows: firstly, the exact 
determination of electrokinetic potential is work of great experimental difficulty 
which seems to some investigators insuperable. Some of these difficulties are 
(1) the necessity of performing the mocroelectrophoresis in a medium which has 
the same characteristics as the colloidal system under investigation, (2) the 
influence on electrophoresis of the simultaneously occurring electrolysis (3) the 
wash out of the boundary line between the solution and the colloidal system, 
and a number of others. In the case of microelectrophoresis, these difficulties 
are replaced by others, which are not less difficult to overcome. 

Secondly, very great difficulties arise on calculation of electrokinetic po- 
tential using the experimentally determined electrophoretic mobility. Quite 
recently the question of which equation to use for calculation of the electroki- 
netic potential, the formula of Helmholz-Smoluchowsky‘ or the formula of 
Hiickel®, was raised. Thanks to the work of Henry® this question has been 
clarified. Furthermore, the question of values of viscosity and dielectric con- 
stant to use for calculation of electrokinetic potential was not solved’ until 
recently. Therefore, the values of electrolkinetic potential which are given 
even in the latest papers, performed by taking into account all possible cor- 
rection terms, have only relative meaning. Here also, a recent advance has 
been the accounting for the effect on determination of electrokinetic potential’ 
of the conductivity of the particles of the disperse phase and the deformation 
of the double layer on electrophoresis (electrical relaxation). 

Thirdly, other investigators are of the opinion that the electrokinetic po- 
tential cannot characterize the stability of colloids in general. Kargin believes 
molecular nonionic solvation of the products which form on the phase bound- 
aries as a result of surface reactions to be the most important factor for the 


* Translated for Rusper Cuemistry AND TEecHNoLocy from Uspekhi Khimit, Vol. 25, pages 57 to 90 
(1956) by George Shkapenko and John C. Park. 


1105 


. 

as 

= 

: 


1106 RUBBER CHEMISTRY AND TECHNOLOGY 


stability of lyosols. Rebinder’s theory is that mechanico-structural properties 
of gel-like films on the surface of particles mechanically prevent their drawing 
together. Naturally, neither of these factors can be characterized by electro- 
kinetic potentials. 

Deryagin believes that in the case of the absence of polymolecular layers 
strongly bound by molecular forces to the particle surface (lyophobic colloids) 
the splitting force, which determines the stability, is determined by the mutual 
deformation of the diffuse ionic atmosphere which surrounds the particles. 
However, according to Deryagin, the electrokinetic potential can be indicative 
of the stability of such a system only on condition that 


< = 


where ¢, is the critical value of electrokinetic potential, a the coefficient of pro- 
portionality, A a constant which characterizes molecular interaction, D the 
dielectric constant and A the thickness of the diffuse double layer. The above 
expression, which is similar to the well known Euler-Korf criterion, is in good 
agreement with experiments concerning coagulation of sols and emulsions by 
electrolytes only in the zone near the isoelectric point, i.e., at relatively small 
values of the electrokinetic potential. 

When the electrokinetic potential is greater than 100 mV, the repulsive 
forces between the particles no longer depend appreciably on electrokinetic 
potential and are determined only by composition and concentration of the 
coagulating electrolyte. With increased concentration and increase of the 
charge of counterion the diffuse double ionic layer contracts and the energy 
barrier disappears. In this case Deryagin’s calculations lead to the following 
condition of coagulation : 


D*(kT)® 
Ce > 40y() 
where C, is the counterion concentration in g ions/cm’ corresponding to the 
threshold of coagulation, f(8) is a multiplier depending on the value (8), i.e., 
the ratio of the charge of the ion with the same sign as the surface to the charge 
of the counterion (at 8 = 1, f(@) = 1), e is the electron charge, z is the counter- 
ion valency, k the Boltzmann constant, and 7' the absolute temperature. 

In spite of the fact that many objections against the use of the electrokinetic 
potential as a criterion for stability of colloidal systems were fair, none of these 
objections completely abrogate this criterion. Actually, all of the experimental 
difficulties noted, keeping in mind modern techniques of electrophoresis, can be 
more or less overcome. Using some criteria, which were deduced from the 
theory of strong electrolytes by Debye and Hiickel, the effect of such phenom- 
ena as electrical relaxation and electrophoretic retardation on electrokinetic 
potential can be correctly evaluated. 

Finally, the last group of objections which maintain that the electrokinetic 
potential, in principle, cannot characterize the stability of colloidal systems, 
has significance only in the case of certain colloidal systems, namely: 


1) Systems whose particle solvation is basically due to molecular (nonionic) 
solvation. 
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2) Systems whose particles have an absorption film with clearly expressed 
mechanico-structural properties (for example—foams). 
3) Systems with very large charges on the particles. 


A great number of lyosols do not fall in the classes which are listed above and 
for characterization of their stability the electrokinetic potential certainly can 
be used. Besides, it can be assumed that even in the case when the stability of 
the system under investigation is not solely determined by the energy barrier 
due to particles of the double electric layer, the determination of the electro- 
kinetic potential can give much information toward an understanding of the 
reasons for stability of the system. To supplement this it is necessary to in- 
vestigate also the molecular solvation of the particles and the presence on their 
surface of an elasto-viscous absorbed layer. 

In connection with all that has been said about electrokinetic potential as 
a characteristic of stability of disperse systems, it is interesting to note the 
opinion of many investigators that, up to this time, electrophoresis has been 
the most important source of information about the stability of lyophobic 
colloids?" This explains the fact that the number of papers devoted to in- 
vestigation of electrokinetic potentials of colloid particles has considerably in- 
creased of late. Pertinent investigations have been conducted to perfect the 
methods of electro-osmosis and electrophoresis, as well as to clarify the action 
of various factors on the electrokinetic potential of particles and establish the 
relation between this potential and the stability of colloids. 

A number of papers of principal importance in the field of electrochemistry 
of high polymer dispersions should be especially noted. Beginning in 1936 
papers by Kemp and Twiss'?, Hauser and Bender" Jordan“ and Bowler" ap- 
peared which were devoted to the electrochemistry of natural latex. More 
recently papers concerning synthetic latex began to appear. In this connection 
the works of Maron and his collaborators in the United States'®!® Voyutskii 
and his collaborators in the USSR!*-" and Munro and Sexsmith in Canada” 
should be mentioned. 

Such an interest in the electrochemistry of aqueous dispersions of high poly- 
mers can be explained first of all by their great practical importance, and by the 
technologists’ need for methods to control their mechanical stability. Besides 
that, the natural and synthetic latexes are especially suitable materials for the 
solution of very important theoretical questions about the relation between 
electrokinetic potential and colloid stability. This results from the following 
characteristics of these high polymer systems. 


1. The chemical composition of the aqueous phase of relatively simple 
latexes and the hydrocarbon phase usually consist of chemically inert material. 
Therefore, it can hardly be expected that destruction of these systems would 
involve any chemical reactions on the surface of the particles except those well 
studied reactions in which a stabilizer takes part. 

2. In these systems molecular solvation of particles which can influence the 
stability of a collodial system is of course absent since the hydrocarbon phase 
itself is poorly wet by the disperse water phase. 

3. In dispersions of high polymers, according to our visualization, the 
mechanico-structural factor does not play an essential role. As will be further 
shown, it is established, at the present time, that latex globules, stabilized by 
soap, are covered by an emulsifier layer which is far from saturation. In this 
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condition the formation of a mechanically durable gel on the surface is hardly 
possible. 

4. Latex particles have, as a rule, a spherical shape. This eliminates any 
effect of their surface topography on their interaction and therefore it can be 
assumed that in the collision of two globules an interaction of two ideal spheres 
takes place. All investigators come to this point of view in considering inter- 
action between colloidal particles. 

5. The dispersed phase of a latex is usually a dielectric which makes it 
possible to ignore the correction for particle conductivity in this case. 

6. Mechanical properties of high polymers allow one to consider that latex 
globules are rigid particles. This considerably simplifies the treatment of ex- 
perimental results, since liquid particles would deform under action of the mo- 
tion of a surrounding liquid. On the other hand, the double layer on the 
boundary between two liquids arises in both phases and its part in the disperse 
phase leads to circulation in the droplet which can affect the electrophoretic 
mobility. 
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Fia. 1.—Effect of solids content (Cz) on the electrophoretic mobility (u) (Curve /) of the globules 
of natural latex and on the hydroxyl concentration (Con) in the serum (Curve 2). 


7. Finally, in coagulation of high polymer dispersions coalescence of indi- 
vidual particles does not occur. In the latex, immediately after coagulation, 
globules still are surrounded by very fine films of the medium. This fact allows 
use to neglect the total drop in potential ({-potential) which, as is well known, 
determines the stability against coalescence of the droplets in the emulsion. 
It also allows the assumption that, for latexes, the stability against coupling of 
particles which are at comparatively large distances can be well enough char- 
acterized by the value of the electrokinetic potential. This review summarizes 
the work done in the field of electrochemistry of high polymers and demon- 
strates that electrokinetic potential is a measure of the stability of such a 
system. 


EFFECT OF DILUTION AND VARIATION OF STABILIZER 
CONTENT ON THE ELECTROKINETIC POTENTIAL 
OF LATEX GLOBULES 


Hauser and Bender" investigated the effect of dilution on the electrophore- 
tic mobility of globules i in ammoniacal, natural latex containing 38% solids and 
having a pH of 9.9 using the method of micro electrophoresis. hee a be seen 
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in Figure 1, dilution of the latex with water decreases the rate of electrophoresis 
slowly at first and then more rapidly. The curve given in the same graph show- 
ing the dependence of concentration of the hydroxide ion on dilution has the 
same shape. The authors believe that the decrease of electrophoretic mobility 
with dilution of the latex is caused not by desorption of stabilizer but by de- 
crease of the pH value. This assumption, it appears, is confirmed by the fact 
that the electrophoretic mobility is directly proportional to the concentration 
of the hydroxyl ions in the latex. The last is clearly visible from Figure 2. 
The insignificant effect of desorption of the stabilizer was confirmed also by 
direct experiments of the authors which showed that the rate of electrophoresis 
in latex diluted with a borate buffer with pH = 10.2 and having solids of 1.52, 
0.38, 0.057 g/l] proved to be practically the same, namely 3.2(u/sec/V/em). 


0 1 i 1 itll 0 1 
O Q2 Q4 06 48 
Con “10 
Fra. 2.—Relationship bet the tration of Fie. 3.—Relationship between the solids 
hydroxyl ions (Con) in the serum ond po me oh content (Cz) and electrophoretic mobility (u) 
mobility (u) of the globules of natural latex. of the globules of natural latex. Buffer ionic 
I=0.02 and pH =5.4-5.5. 


Later, the effect of dilution on the electrophoretic mobility of globules of 
natural latex was investigated by Bowler. He used the microelectrophoresis 
techniques of Abramson, Moyer and Gorin”. Freshly obtained latexes diluted 
with buffer solutions were investigated. The ionic strength of all solutions 
was 0.02; the value of pH was 5-5.5. The results of Bowler’s experiments 
performed with two samples of natural latex are shown in Figure 3. The ex- 
perimental points are located on one curve in which the mobility decreases 
rapidly when the concentration of solids becomes less than 0.5 g/l. The rea- 
son for this decrease, as the author believes, is the desorption of stabilizer. 

When the concentration of solids in latex was higher than | g/l, it was 
difficult to measure the rate of electrophoresis of the individual latex particles. 
Bowler did not perform experiments involving solutions with higher concen- 
trations. Obviously, there are some discrepancies between the data of Hauser 
and Bender and that of Bowler. However, it is possible to conclude that if 
desorption of the protein from the globules of the natural latex takes place, it 
occurs in any case at solids concentrations of the order of magnitude of 0.5 g/! 
and lower. 
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Errect or Torat Content oN Mositity 
or Type II Latex 


Average mobility, 


Total solids, u/sec 
g/l V/cm 
9.5 —5.58 
14.7 —5.61 


29.4 —5.44 


Maron et al.'® investigated the effect of solids content in synthetic latexes 
on the electrokinetic potential. These investigators used the macro electro- 
phoresis method using conditions which insured accurate results. The current 
in the electrophoretic tube never exceeded 1.5mA. In calculating the electro- 
phoretic mobility the mean values of the rates of ascending and descending 
boundaries were used. These were close in value when the latexes taken were 
not too concentrated. The value of pH in the latexes was maintained approxi- 
mately constant (in the limits from 8.4 to 9.0) by addition of a borate buffer. 
The measurements were made at 30° C. The effect of solids content on the 
electrophoretic mobility of the globules of Type II GR-S latex stabilized by a 
fatty acid soap is shown in Table I. At solids contents of 9 to 15 g/l the 
electrophoretic mobility, and also the electrokinetic potential of the globules of 
this latex are constant. 

Voyutskiil, Panich and Kal’yanova'® investigated the dependence of the 
electrokinetic potential of synthetic latex globules on the solids content using 
the well known method of Rabinovich and Fodiman. For this work a synthetic 
latex stabilized by ammonium oleate was used. Dilution was made with dis- 
tilled water, and a borate buffer was employed. The values of electrocon- 
ductivity and pH of the buffer were maintained equal to those of the liquid 
under investigation. Observations of electrophoretic mobility were carried 
out with the aid of a reading microscope and always on the ascending boundary, 
as was recommended by Gerasinov”*. Most investigators have used this 
method. The calculation of the electrokinetic potential was performed using 
the well known Helmholz-Smoluchovsky formula. The results obtained by 
the authors are given in Figure 4. 

As one can see, the value of the electrokinetic potential of globules on dilu- 
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Fra. 4.—Effect of solids content (Cr) on the of particles of synthetic 
latex and on pH of the serum: 1.—curve of {; 2.—curve of pH. 
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tion rises slightly at first then drops and finally increases somewhat again. The 
increase of the electrokinetic potential as dilution is begun can be explained by 
the decrease in absolute concentration of foreign electrolytes which are always 
present in the system. This of course must lead to broadening of the double 
electric layer. It is much more difficult to explain the decrease of electrokinetic 
potential on further dilution. The soap desorption at such relatively small 
dilutions, which was mentioned in connection with the desprotion of proteins, is 
scarcely probable. It is impossible to assume that the decrease of the electro- 
kinetic potential is connected with conversion of the soap to an acid, since ac- 
cording to Figure 4 this decrease occurs in general at a constant value of pH. 
Probably, the decrease of electrokinetic potential is fictitious and is a result of 
the fact that the authors did not take the ionic strength variation on dilution 
into account in their calculations. Finally, the increase of the electrokinetic 
potential in the range of solids concentrations of 3.0-8.5 g/l can be explained 
by the continuing decrease of the ionic strength of the solution. 

Munro and Sexsmith” studied the effect on the rate of electrophoresis of 
dilution of two synthetic latexes with double distilled water. One of these was 
stabilized by polyvinyl alcohol and gum tragacanth, and the other was made 
using a cationic soap as an emulsifier. Determination of electrophoretic mobil- 
ity was carried out at 20° C using a modified Briggs’ microphoretic method. 
The electro-conductivity of all solutions under investigation was brought 
always to the same value. The experiments showed that the electrophoretic 
mobility of the first latex in the range of solids concentrations from 0.1 to 1.4 
g/l had a practically constant value of 2.6(u/sec/V/em). Such a constant 
electrophoretic mobility is explained by the nonionic character of one of the 
stabilizers—polyvinyl alcohol. The second latex demonstrated a slight de- 
crease in electrophoretic mobility of from +7.4 to +6.1(u/sec/V/cm) when the 
solids content was decreased from 0.7 to 0.1 g/l. This was probably due to the 
desorption of the cationic active soap. The variation of electrokinetic potential 
upon dilution of the latex is closely related to the variation of electrokinetic 
potential of the latex globules as a function of the stabilizer content in the latex. 

In order to determine the effect of removal of the natural protein stabilizer 
on electrokinetic mobility of globules of freshly prepared natural latex, Bowler 
centrifuged a latex 8 times and after each centrifugation diluted the upper layer 
with a 3 per cent ammonia solution. In another case, dilutions were made 
with 2 per cent ammonium oleate solution. The resultant latexes were diluted 
with buffers of different pH but with the same ionic strength of 0.02. In these 
solutions the electrokinetic mobility of the globules was determined using the 
micro electrophoresis method. The results of Bowler’s experiments are given 
in Figure 5. 

Before washing, the latex had an isoelectric point at pH = 4.35. After 
treatment with ammonia the latex showed a considerably lower isoelectric 
point, of 3.86. Latex washed with a soap solution contained negatively 
charged particles at pH’s extending down to pH = 3.5. 

Maron et al.'® studied the effect of creaming on the electrophoretic mobility 
of GR-S Type II synthetic latex stabilized by a fatty acid soap. The creaming 
in this case was promoted with the aid of sodium chloride followed by dilution 
of the creamed latex phase which was then brought to values of pH and ionic 
strength which were equal to those of the initial latex. Creaming increased the 
electrophoretic mobility of the latex particles by 8.5 per cent. 

Very interesting results were obtained by Maron and Bowler'® in an in- 
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vestigation of the effect of supplemental addition of a rosin soap (which was 
previously present in Type III GR-S latex as a stabilizer) on the electrophoretic 
mobility of its particles. A solution of a sodium or patassium soap of abietic 
acid was added to the latex and then disodium phosphate buffer to bring the 
ionic strength to 0.05. The electrophoretic mobility was measured with the 
aid of macroelectrophoresis at 30°, and the results are illustrated in Figure 6. 
The content of rosin soap in the original latex was 0.0021 mole/1. Therefore, 
in order to get the total amount of soap in the latex, 0.0021 should be added to 
the readings on the abscissa. 

On addition of both soaps, the electrophoretic mobility did not increase but 
decreased linearly with the increase of the soap concentration. The soap con- 
centration which corresponds to the beginning of micelle formation and at which 
the globules are covered by a monomolecular layer of soap was experimentally 
determined by Maron and Bowler to be 0.0136 mole/I of total soap, or 0.0115 
mole/| if expressed in the amount of added soap (see Figure 6, line B). The 
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Fig. 5.—Effect of the removal of stabilizer on the electrophoretic mobility | is of the globules 
of natural latex as a function of pH; temperature =30° C, I 


Curve 1.—Unwashed latex No. 1. 
Curve 2.—Unwashed latex No. 2. 

Curve 3.—Washed latex No. 1 treated with ammonia. 
Curve 4.—Washed latex No. 2 washed with soap. 


data corresponds to the case where no electrolyte is added to the soap solution. 
In the presence of NagHPO,, the point corresponding to the formation of micelles 
and the covering of their surface with a monomolecular soap layer is, of course, 
somewhat displaced toward smaller concentrations of soap. 

The straightness of the lines indicates that on formation of micelles, no 
great changes occur in the state of the soap absorbed on the surface of the 
globules and that the electrophoretic mobility does not depend on the aggrega- 
tion of soap in solution. These data conflict with the observations of Munro 
and Sexsmith” which will be described later. It could be expected that the 
electrophoretic mobility should increase with increasing soap concentration in 
cases where the surface of the globules is not yet saturated. However, an in- 
verse relationship, which is probably a result of the gradually increasing ionic 
strength and viscosity of the medium on addition of soap was found by Maron 
and Bowler. The effect of these two factors overbalances the increase of 
electrophoretic speed resulting from additional absorption of the soap. 

As is visible from Figure 6, sodium ions decrease the electrophoretic mobility 
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more than potassium ions. This is probably due to the lower viscosity of the 
potassium rosin soap solution and the larger absorptive power of the sodium 
ion. The larger value for the electrokinetic potential of globules of a latex 
stabilized by potassium soaps in comparison with one stabilized with sodium 
soaps is in complete agreement with the experimental fact that potassium soaps 
are better emulsifiers than sodium soaps”. 

The data of Maron and Bowler which shows that the maximum electro- 
phoretic mobility and hence the maximum electrokinetic potential correspond 
to incomplete saturation of the adsorption layer on the surface of the latex 
particles and that both of these values decrease on complete saturation of the 
layer does not conflict with the fact that the electrokinetic potential is a meas- 
ure of the stability of colloidal and microheterogenic systems. As is well 
known, the stabilizing effect of soaps and albumin increases at first on increas- 
ing their concentration, and then after reaching a maximum begins to decrease. 
This phenomenon can also be explained by the fact that at high concentrations 
of stabilizer, a saturated fragile adsorption layer forms which, when damaged, 


Fie, 6.—Effect of soap addition on the electrophoretic mobility (u) of globules of latex. 
rve 1.—potassium soap. urve 2.—sodium soap. 


cannot be reestablished as rapidly as in the case of nonsaturated easily movable 
adsorption layers”. However, the same phenomenon can also be explained by 
the decrease of the electrolkinetic potential of the globules as a result of the 
increasing ionic strength caused by the increasing content of ionic stabilizer. 
Further investigation should show how universal this last explanation is. At 
very high concentrations of emulsifier the electrokinetic potential of latex 
globules, as well as the drops of an emulsion, can have significant effects on 
mechanical stability of the system owing to the fact that in this condition com- 
pact, possibly polymolecular gel-like layers, which are very durable, can be 
formed on the interphase surface. 


EFFECT OF TEMPERATURE ON THE ELECTROKINETIC 
POTENTIAL OF LATEX GLOBULES 


The temperature effect on the electrophoresis of colloidal systems in general 
and latexes in particular has not been adequately studied. Only in the papers 
of Maron and his collaborators'**, mentioned above, was the effect of tempera- 
ture on the rate of electrophoresis investigated for Type II GR-S latex, stabil- 
ized by a fatty acid soap, and for Type III GR-S latex, stabilized by a rosin soap. 
The effect of temperature on the electrophoretic mobility of globules of the 
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TaBLeE II 


ELECTROPHORETIC MosBILity oF GLOBULES oF Type II LaTex 
AS A FuNcTION oF TEMPERATURE 


Temperature Experijentally 
in °C found Calculated 


—2.54 —2.51 
— 4.48 —4,.54 
— 5.62 —5.61 
—6.13 —6.15 


Type II latex with buffers was investigated at pH = 7.7-9.9 and at an ionic 
strength of 0.144. The results of these experiment are given in Table II. 

The temperature effect on the rate of electrophoresis in the case of Type III 
latexes with phosphate buffers at various ionic strengths but with pH values in 
the range of 8.8-9.2 is shown in Figure 7. As is visible, the electrophoretic 
mobility is a linear function of the temperature. The effect of temperature 
on the rate of electrophoresis in the case of the Type II GR-S latex can be well 
represented by the expression 


= 2.40 + 0.107¢ 


In the last column of Table II values of mobility of the globules are given 
which are calculated using this formula. For the Type III GR-S latex, Maron 
and others give the more complicated expression: u = 2.32 — 365 J‘ + [0.102 


+ (0.0092/V7) }t where the mobility is expressed as a function of temperature 


t, and ionic strength J. The variation of mobility with temperature in Maron’s 
experiments amounts to a variation in the rate of approximately two per cent 
per degree in comparison with the rate at 25° C. Since this value is of the same 
order of magnitude as the variation of the mobility with temperature for 
ions*’:?6, jit is possible to conclude that the variation of the mobility of the 
globules of the latex with temperature is a result of variation of the viscosity of 
the medium. 

However, a precise calculation which was carried out taking into account 
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Fra. 7.—Effect of temperature the mobility (u) of the globules 
of Type III latex. 


Curve 1, J=0.05. Curve 3, i= 15. 
Curve 2 I=0.1. Curve 4,1 0.2. 
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the variation of the viscosity of the interglobular liquid, showed that the electro- 
kinetic potential itself is slightly increased when the temperature is raised. In 
the case of Type III latex the increase is approximately 0.3 per cent per degree 
in comparison with the potential at 25° C. Such an increase can be explained, 
from our point of view, only by an increase in the thickness of the diffuse part 
of the double electric layer due to the more intense thermal motion of the anti- 
ions. Desorption of the stabilizer molecules from the surface of the globules, 
which can occur with increasing temperature and which could lead to a lowering 
in the mobility of the latex particles, is obviously negligible. The temperature 
effect on electrokinetic potential shows that on heating, the stability of syn- 
thetic latexes should increase if this potential is really a measure of the stability 
of the colloidal system. This is completely confirmed by experiment. Firstly, 
synthetic latexes, stabilized by soaps, withstand heating to the boiling point. 
Secondly, as indicated by Maron and Bowler'®, more electrolyte is required for 
coagulation of a hot latex than for coagulation of a cool latex. 


Tasie III 
Errect or StoraGe ON MECHANICAL 
Natural rubber, 61.5% solids; 0.7% NH; 
Storage period 
30 day 90 day 


Mech. stability, sec. 450 810 
KOH number 0.59 0.66 


EFFECT OF THE LENGTH OF STORAGE ON THE 
ELECTROKINETIC POTENTIAL OF LATEX GLOBULES 


Bowler" investigated variation of electrophoretic mobility of particles of 
freshly prepared natural latex which had been concentrated and stored. As 
was indicated, this investigator used microelectrophoresis and the experiments 
were performed so that, in the case of latex concentrates which were stored for 
different amounts of time, determination of the electrophoretic mobility was 
made at different pH. For this purpose, aqueous latex solutions or their con- 
centrates were diluted with acetate or phosphate buffers adding such amounts of 
HCl or NaOH as were necessary. Bowler’s experiments showed that the elec- 
trophoretic mobility of the globules increased with concentration and with 
storage of the concentrates. This increase is especially remarkable at high 
values of pH. The variation in mechanical stability and KOH number upon 
storage of concentrated, natural latex is illustrated in Table ITI. 

It can be seen that storage of natural latex concentrate increases its me- 
chanical stability. Bowler explains this increase of stability and electropho- 
retic mobility by hydrolysis of the esters of high molecular weight fatty acids 
followed by formation of ammonia soaps. The soap anions carrying a negative 
charge, when adsorbed on uncovered parts of the latex globules, displace the 
proteins which are present on their surface or react with them to form a soap- 
protein complex. All of this increases the stability of the latex and the electro- 
phoretic mobility of its particles. The increase in mobility becomes less 
marked at lower pH in the range where, according to Bowler, the soaps are not 
too easily adsorbed. 

The explanation given for the increase in the stability of natural latex with 
time coincides with the opinion of Baker** that splitting of protein-lipoid com- 
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plexes takes place on storage to liberate fatty acids which accumulate as am- 
monium soaps at the rubber-water interface. 

There are no investigations on the variation of the electrokinetic potential 
of globules of synthetic latexes as a function of the length of storage. Let us 
note only that, according to the data of 8. L. Tolmud et al. on storage of syn- 
thetic latexes, the soap from the surface of the globules goes into the water 
phase. This, of course, can promote a lowering in the electrophoretic rate of 
the latex globules and lead to a decrease in the stability. 


VARIATION OF ELECTROKINETIC POTENTIAL AS A FUNCTION 
OF pH OF THE LATEX 


The question of the effect of pH on the electrokinetic potential of emulsions 
and dispersions of high polymers has attracted attention of physical chemists 
for a long time. Ellis” showed that the electric charge on globules of diluted 
emulsions, which do not contain a special stabilizer, arises from adsorption of 


pH 


Fie. 8.—Effect of pH on the electrophoretic ard (u) of various components 
of natural latex: J =0 


Curve 1.—protein. Curve 2.—resins. Curve 3.—rubber hydrocarbon. 


hydroxyl ions on the surface. According to Ellis, the electrokinetic potential 
of droplets of a diluted oil emulsion has a negative value in basic as well as in 
acidic media. However, the data of older investigations should be noted with 
some care since at that time the techniques of electrophoretic measurements 
were not perfected and the effects of ionic strength of solutions, electrophoretic 
retardment, electrical relaxation and a series of other factors on electrophoresis 
were not taken into account; these essentially influence the results in determina- 
tion of electrokinetic potential. 

In 1936, Kemp and Twiss'? investigated all of the factors mentioned above. 
Chey studied the effect of pH on the electrokinetic mobility of model systems ; 
one being an emulsion of pure rubber hydrocarbon, another was a suspension of 
silica particles on the surface of which rubber proteins were adsorbed. The 
third system was a dispersion of rubber resin. These proteins and resins were 
obtained from natural latex. The data illustrating the variation of the electro- 
phoretic mobility of the particles in the various systems as a function of pH 
are given in Figure 8. 
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With decreasing pH, the electrophoretic mobility of rubber hydrocarbon 
and of resin decreases to zero at pH = 2.4 and 2.1, respectively. The reason 
for this, according to the author’s belief, is the adsorption of hydrogen ions 
and a decrease in the ionization of the resin acids. For the proteins the iso- 
electric point was obtained at pH = 4.4. On further decrease of pH the charge 
becomes positive and its absolute value begins to increase. 

The results of experiments involving model systems were compared by 
Kemp and Twiss with the mobility of globules of latices of various concentra- 
tions as a function of pH at an ionic strength of 0.01. The results of these last 
experiments are illustrated in Figure 9. As is visible, the electrophoretic 
mobility increases with increase of pH and decrease of latex concentration. 
In comparing Figures 8 and 9 it becomes apparent that in basic media at low 
concentrations, the mobility of latex globules is comparable to the mobility of 
particles of pure rubber hydrocarbon. This can be explained by the fact that 
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Fra, 9.—Effect of pH on the electrophoretic mobility (u) of the globules of natural latex: 
I =0.01 (at various solids contents). 


Curve 1. 0.016 g/l. Curve 6. 39.1 g/l. 
Curve 2. 0.98 g/l. Curve 6. 67.6 g/l. 
Curve 8. 3.9 g/l. Curve?. 89.8 ¢/l. 

Curve 4. 11.8 g/l. Curve 8. 195 g/L. 


under such conditions it is virtually impossible for the proteins and resins to 
be adsorbed due to the low concentration of the solution and to their good 
solubility in a basic medium. Kemp and Twiss showed that the fractions of 
the rubber-globule surface covered with protein and with rubber resin vary 
with latex-dilution and the pH of the serum. Such a conclusion is in good 
agreement with the data of Limburg® who investigated the relationship be- 
tween emulsifying power of gelatin as a function of pH and established that 
the gelatin concentration at which complete saturation of the layer around the 
oil droplets occurs increases with increasing pH. 

The effect of pH on the electrophoretic mobility of globules of natural latex 
was investigated by Jordan. This investigator employed the method of 
microelectrophoresis and applied it to studies of diluted latexes containing 
0.22 g/l of rubber. Figure 10 shows the effect of pH on the electrophoretic 
mobility of a latex solution diluted with buffers of various ionic strength con- 
taining mono- or bivalent cations in combination with a monovalent anion. 

These data enable us to draw the following conclusions: 
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1. In solutions of constant ionic strength, the electrophoretic mobility of 
the globules increases as pH increases to a value of 8. On further increase of 
pH, the mobility remains practically constant. 

2. The globules of a latex in diluted solutions of potassium or calcium salts 
of mono basic acids are negatively charged at pH above 4.2. However, at the 
same pH and ionic strength, the electrophoretic mobility and the electrokinetic 
potential are considerably lower in calcium buffer solutions than in those of 
potassium. This indicates a strong adsorption of bivalent calcium ions by 
latex globules and suggests an explanation for the well known destabilizing 
effect of calcium salts on latex. 

3. At constant values of pH, as calculation based on the curves of the 
Figure shows, the electrokinetic mobility of latex globules in potassium buffers 
is inversely proportional to the square root of the ionic strength. 
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Fra, 10.—Effect of pH on electrophoretic mobility (u) of globules of natural latex. 


Curve 1A.—globules in potassium buffer with J =0.05. 
Curve 1B.—globules in potassium buffer with J =0.1. 
Curve 1C. globules in potassium buffer with J =0.2. 
Curve ITA.—globules in calcium buffer with J =0.05. 
Curve IIB.—globules in calcium buffer with J =0.1. 


Bowler“, using the method of microelectrophoresis, investigated the effect 
of pH on the electrophoretic mobility of globules of freshly prepared Hevea 
latex. For the experiment, solutions made by dilution of the latex by buffers 
of constant ionic strength of 0.02 were used. A limitation of this work appears 
to be the narrow range of pH in which the variation of electrophoretic mobility 
was investigated*. The results obtained by him are given in Figure 11. Ex- 
periments performed with latexes which were collected in different seasons 
(February and April) were similar and indicated no effect of seasonal variation 
on mobility. The curves for electrophoretic mobility are similar to those 
obtained for proteins. 

As was shown by Belgrave", on acidifying natural latex under certain con- 
ditions, its globules change their electric charge to the opposite one and so a 
latex can be obtained with positively charged particles. The reason usually 
advanced for this was the amphoteric character of the protein stabilizer whose 
molecules have two functional groups: amino—which causes the positive charge 
of the globules in an acidic medium, and carboxylic—which provides the 
negative charge for globules in a basic medium. However, the investigation 

* Editor’s Note. The object of these mobility investigations was to determine the 
isoelectric point as a measure of clonal variation. The pH range was fully adequate for 
this purpose. 


-30 
S| 
-10 
+20 
' 
* 


ELECTROKINETIC POTENTIALS OF LATEXES 
+20 


+10 


& 


Fra. 11.—Effect of pH on the electrokinetic ym | (u) of the globules of natural latex. 
Temperature =30° C, J =0.02. 


by Voyutskii, Panich, and Kal’yanova!’-” showed that particles of synthetic 
latex stabilized by soaps, the molecules of which have only one carboxylic 
group, also have the ability to reverse charge on addition of acid. The question 
of change in charge of globules of natural latex is complicated and requires 
further investigation. 

Methods for reversing the charge of natural latex are described in detail 
by Sarrut®*. In the process of charge reversal, the latex goes through the iso- 
electric state and the system can coagulate. In order to avoid this the acid 
should be added as fast as possible and it is also expedient to add a protective 
colloid, for example casein, to the latex. Fullerton®, who studied the relation- 
ship between stability, concentration and charge, was unable to get a stable 
latex of more than 15 per cent solids with positively charged particles. How- 
ever, Rhodes and Sekar* succeeded in obtaining a stable natural latex containing 
30 per cent solids and with positively charged globules. 

Maron and others" also investigated the effect of pH on the electrophoretic 
mobility of globules of Type II GR-S latex stabilized by a fatty acid soap. 
The investigation was performed with the aid of macroelectrophoresis at 30° 
at constant ionic strength of 0.150. The pH was controlled by addition of 
NaOH or HCl to the solutions of disodium phosphate used. The results ob- 
tained are illustrated in Figure 12. 

As is evident, the relationship between electrokinetic mobility and pH is 
expressed by a broken line. If the second part of the curve is extrapolated to 
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Fra. 12.—Effect of pH on the electrophoretic rong (u) of the globules of Type II GR-S 
latex. Temperature =30° C, I =0.150. 
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zero mobility, it intersects the abscissa at a pH value of 2.7 which corresponds 
to the isoelectric point of the latex at an ionic strength of 0.150. The authors 
believe that at pH = 10 and higher, the emulsifier is present in the latex en- 
tirely as the sodium soap. However, as the pH becomes lower than 10, the 
soap is gradually transformed into a mixture of soap and fatty acid. This is 
accompanied by gradual decrease of electrophoretic mobility of the globules 
(AB in Figure 12) since the fatty acid molecules are comparatively poorly dis- 
sociated. Besides that, Maron and others believe that fatty acids are not ad- 
sorbed as strongly as the corresponding soaps. This point of view is doubtful. 
The fatty acid, as a less soluble compound, always will be adsorbed on the sur- 
face of the rubber more strongly than soap. The well known fact that acidifica- 
tion of latexes decreases their surface tension should be explained not by dis- 
solution of particles of fatty acid formed from soap, as is supposed by Maron and 
others, but by the fact, that the surface activity of the acid is greater than that 
of the soap. At pH = 6.9, according to Maron and others, most of the soap 
contained in latex is changed into acid. Upon further lowering of pH, all the 
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Fie. 13.—Variation of electrokinetic potential (¢) (Curve /) and specifi ductivity (Ao) 
(Curve 2) as a function of pH of the latex. 


soap is transformed into an acid, the electric charge and the mobility of the 
particles decrease rapidly and the system becomes unstable and coagulates. 
For coagulation of the latex is it not necessary to bring the charge or mobility 
to zero, but only to lower them to a low critical value which lies at a pH of 
of about 5 at J = 0.150. 

In another paper Maron and Bowler'® investigated the effect of pH on the 
electrophoretic mobility of latex stabilized by rosin soap at four different ionic 
strengths. The results are analogous to those described above. It is remark- 
able that the coagulation occurring on acidification prevented lowering the pH 
of the latex below 5.5 in all cases. 

In contrast to Maron and Bowler, Voyutskii, Panich and Kal’yanova", who 
also investigated the effect of pH on the electrokinetic potential of synthetic 
latexes, succeeded in lowering the pH to 1.5-3.0 and getting a reversal of charge 
on the surface of the globules. However, the synthetic latex which was used 
in these experiments was stabilized by an ammonium oleate, which is not am- 
photeric. The experiments showed that the lowering of pH and reversion are 
possible only under special conditions; low concentration of latex and rapid 
introduction of acid. Introduction of a 0.1N solution of HCl into latex con- 
taining 28 per cent solids always led to immediate and complete coagulation. 
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However, if HCI was introduced into latex diluted so that it contained only 24 
per cent solids, coagulation was not observed at all or occurred only partially. 
For establishing the values of electrokinetic potential of the latex on variation 
of its pH, Voyutskii, Panich and Kal’yanova used the macroelectrophoretic 
method, which they also used previously'’**. The results obtained by these 
authors are illustrated in Figure 13. 

On lowering of pH, a small increase of the absolute value of the negative 
electrokinetic potential takes place first then a decrease occurs. A zone in 
which the determination of the electrokinetic potential is impossible follows 
which is due to instability of the latex. After this zone, on addition of large 
quantities of acid, the particles show a positive potential, the value of which 
again increases on addition of acid and then decreases. Since the negative 
charge of the latex particles on acidification becomes positive, an isoelectric 
point should exist for the latex. This point was impossible to find by the method 
of electrophoresis because of coagulation of the latex. Therefore, it was found 
by determination of the pH corresponding to the maximum coagulation. It 
turned out that the isoelectric point of the latex under investigation occurred 
at pH = 3.9. Thus, Voyutskii, Panich and Kal’yanova showed that on 
acidification of synthetic latexes which are stabilized by soaps, destabilization 
occurs at high latex concentrations when the conditions for coagulation are the 
most favorable. 

On acidifying emulsions with low solids contents, the collisions are infre- 
quent and the system does not coagulate so that the charge on the globules 
can be reversed. The reason for the last phenomenon consists, probably, in 
adsorption of positive hydrogen ions by the globules. As is well known, the 
hydrogen ion is highly adsorbable and in many cases can be a stabilizer. 
There are indications in the literature of the possibility of reversing the charge 
of particles of some colloids and emulsions of rubber particles, which were 
initially stabilized by hydroxyl ions'*, by adsorption of hydrogen ions. The 
presence of two extremes on the curve expressing the dependence of the electro- 
kinetic potential on pH (Figure 13) can be explained by the contraction of the 
double electric layer and by decrease in the absolute value of the electrokinetic 
potential at high concentrations of base or acid. 

Similar phenomena for diluted emulsions of mineral oil have been observed 
previously"!:**.%.36. The positive electrokinetic potential in acid media is con- 
siderably smaller in absolute value than the negative potential in basic media. 
This is in good agreement with the fact that a latex of reversed charge is less 
stable than it was initially. The reason for the decreased stability of the latex 
with positively charged globules is probably connected with the fact that, in 
this case, a less active stabilizer is present. The fact that on the right side of 
the isoelectric point the electrokinetic potential curve slopes more than on the 
left side of this point can probably be explained by the nature of the stabilizer. 
However, the lowering of the electrokinetic potential in strongly acidic media 
as well as the smaller experimental value of this potential in an acidic zone than 
in a basic one, can also be explained by increased ionic strength of the solution 
due to addition of considerable quantities of HCI. 

In the recently published investigations by Munro and Sexsmith”, the 
effect of pH on the electrophoretic mobility of globules of three synthetic latexes 
stabilized by nonionic polyvinyl] alcohol, by anionic gum arabic, and by cationic 
active soap, is described. The determination of the electrophoretic mobility 
was performed using the microelectrophoretic method. In order to bring the 
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pH to the desired value, various quantities of HCl, NaCl or NaOH were added 
to the latexes after dilution. The results of the measurements performed by 
Munro and Sexsmith are illustrated in Figure 14. 

In the case of the nonionic stabilizer, the electrophoretic mobility of the 
latex globules is practically independent of pH. The light negative charge 
which the particles have can be explained in this case by adsorption by the 
globules of negative ions as, for example, Cl ions or by chemical reactions which 
take place in the system on polymerization. Particularly, the authors believe 
that oxidation of alcoholic or other groups of stabilizers by peroxides used as 
initiators in the polymerization reaction can lead to the formation, on the 
molecule, of a carboxylic group and thus cause the negative charge on the 
globules. A similar explanation of charge on a lecithin dispersion was sug- 
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Fig. 14.—Effect of pH on the electrophoretic mobility of the globules of synthetic latexes. 


Curve 1,—Latex containing cationic soap as a stabilizer. 
Curve 2.—Latex containing nonionic stabilizer-polyviny! alcohol. 
Curve 3.—Latex containing anionic stabilizer-gum arabic. 


gested by Price and Lewis*’. These authors believe that the total charge of the 
particle is the result of two independent phenomena—adsorption of hydroxyl 
ions on the surface of the fatty portions of the particles and ionization of the 
amphoteric groups. 

In the case where an anionic stabilizer such as gum arabic, which generally 
contains arabinic acid, was used, an increase of pH increased the electrophoretic 
mobility to a certain value and then it became constant. This agrees with the 
observations of Maron and others. 

Finally, in the case of the cationic stabilizer, as could be expected, an inverse 
dependence was observed—the electrophoretic mobility decreased with in- 
creasing pH. 

According to Munro and Sexsmith it is essential, that the cationic soap 
impart to the particles considerably greater electrophoretic mobility than an 
anionic soap. This obviously is stipulated by the fact that quaternary am- 
monium compounds, such as the cationic soaps which were used by the authors, 
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are capable of strong ionization; whereas, the long chain organic acids are 
weakly dissociated. 


DEPENDENCE OF ELECTROKINETIC POTENTIAL ON 
THE ELECTROLYTE CONTENT IN LATEX 


Effect of electrolytes on electrokinetic potential of particles and their 
stability has been studied by a number of investigators? ** of very dilute 
emulsions of oils in water. There is little information about the action of 
electrolytes on the electrokinetic potential of droplets in the case of concen- 
trated emulsions containing stabilizers. However, there are reasons for think- 
ing that alkalis and their salts have the same action on the electrokinetic po- 
tential of emulsion droplets stabilized by sodium oleate as on the electrokinetic 
potential which exists at the ‘‘oil-water’”’ boundary in the absence of stabilizer*. 


TABLE IV 


CaTAPHORETIC VELOCITY AND {-POTENTIAL AS A FUNCTION 
oF NaCu CoNncENTRATION 


Cataphoretic 
velocity, V/em {-Potential, 
25°C millivolts 
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In spite of the great number of papers devoted to the clarification of the 
action of electrolytes on the electrokinetic potential of dilute emulsions, these 
results can be applied to dispersions of high polymers only with great care. 
Firstly, the experimental techniques of these investigations which were per- 
formed a long time ago suffered from a series of drawbacks. These measure- 
ments were performed without accounting for the effect of electrophoretic re- 
tardation, electrical relaxation, and other factors influencing the electrophoretic 
mobility. Secondly, these investigations were performed mostly with emul- 
sions which did not contain stabilizers, i.c., on systems essentially different from 
the concentrated emulsions in which class dispersions of high polymers belong. 

Hauser and Bender", to the best of our knowledge, first investigated the 
effect of introduction of various quantities of NaCl on the electrophoretic 
speed of natural latex particles. Table IV indicates that the electrokinetic 
potential increases at first with increasing content of NaCl in the latex and then 
drops. At four per cent NaCl in the latex, the agglomeration of particles is 
noticeable. At 7 per cent NaCl the electrokinetic potential reaches some con- 
stant, very low value. Under these conditions the attractive forces predomi- 
nate, and this favors the aggregation of the particles and their adhesion to the 
cover glass and to the slide when observed under a microscope. 

Hauser and Bender came to the interesting conclusion that the small in- 
crease of electrolyte content with a monovalent cation causes the increase of 
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electrokinetic potential of particles of natural latex. The same phenomenon 
was observed by Maron and others using synthetic latexes. We believe that 
the increase of electrokinetic potential observed at small concentrations of non- 
coagulating electrolytes explains the increase of stability of latexes observed by 
Voyutskii, Musatova and Bernstein® when the latexes were diluted and salts 
of the type NazCO3, NaHCOs;, NaCl, and others were introduced. 

Somewhat later Kemp and Straitiff investigated the action of various salts 
on the quantity of alcohol which is necessary for coagulation of natural latex. 
Although the authors in this investigation did not determine the electrokinetic 
potential, their work has a certain interest for us since the electrolyte content 
in latex is connected with the electrokinetic potential of its particles. The 
experiments were performed in such a way that, to the dialyzed latex of pH 
= 7.4 or 5.4 (in the last case the value of pH was established with the aid of 
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Fie. 15.—Effect of the electrolyte concentration (C, om on Ge alcohol quantity (v) 
necessary for coagulation of dialyz 


Curve 1 —AICh ; Hs rf 4. 
Curve 2.—KCl; p 7.4. 
Curve 3.—KCl; pH pat 4. 
Curve 4. —BaCh; pH =7.4. 
Curve 6.—BaCls; pH =5.4. 


acetic acid) containing 15 per cent solids, an equal amount by volume of elec- 
trolyte solution of known molarity was added and then the amount of alcohol 
necessary for coagulation was determined. The results of these experiments 
are given in Figure 15. 

The rapid downward slope of the curves (Figure 15) corresponding to the 
area of small concentrations of electrolyte shows that the coagulation by the 
alcohol is not simply a result of dehydration of the adsorbed proteins, as was 
believed before. Curve 4 for BaCl, intersects the abscissa at an electrolyte 
content of 0.0475 mole/| while at the same molarity of KCl, 47 per cent of 
methanol by volume is required for coagulation (curve 2). Curve 1 for AICI; 
is quite peculiar because it shows that in small quantities, this salt acts similar 
to the other salts, but at high concentrations it has a very small effect. The 
anomalous behavior of the latex when AICI; is introduced is believed by the 
authors to be an effect of hydrolysis of this salt and variation of the pH of the 
solution. From our point of view the peculiarities observed can be explained 
by reversion of the latex globules as a result of their adsorption of Al ions or the 
products of hydrolysis of AlCl. 


git 

e 

of 

¢ 

| 

70 

60% 
ae 50RD 

> 4ok 

1 

30 
3 

10 4 
0 

ke 

ig 

= 

a 


ELECTROKINETIC POTENTIALS OF LATEXES 1125 


The effect of electrolytes on the electrokinetic mobility of globules of 
natural latex was also investigated by Bowler using microelectrophoresis. 
The experiments were performed with latexes of various pH’s (9-9.4) diluted 
by disodium hydrogen phosphate buffers of varying ionic strength. Diluted 
latexes were made from a 62 per cent concentrate which was obtained by cen- 
trifugation and stored for 90 days in the presence of 0.7 per cent ammonia. 
The results of this investigation are given in Figure 16. The increase of ionic 
strength at first lowers the electrophoretic mobility very strongly and then 
less rapidly, the curve being logarithmic. 

The effect of electrolytes on the electrokinetic mobility in the case of syn- 
thetic latexes was studied by Maron and others with the aid of macroelectro- 
phoresis. Maron, Turnbull and Elder" investigated the mobility of globules 
of the synthetic latex, Type II GR-S, stabilized by the soap of a fatty acid and 
diluted by a phosphate buffer into which different electrolytes were introduced. 
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Fie. 16.—Effect of i I) on the electrophoretic (u) of globules 
of na’ ‘emperature =30° C, pH =9.0— 


The amount of dry residue in the solution under investigation was in the range 
of 9-15 g/l; the pH = 8.2-9.0. The electrical conductivity of the solutions 
was adjusted to the electro-conductivity of the latex with the aid of the same 
electrolyte which the latex contained. The temperature in all cases was 30° C. 
The results are illustrated in Figure 17. 

As is visible from comparison of the curves for the mixtures of various 
electrolytes, the ionic strength is not the only factor causing variation of the 
electrophoretic mobility. The nature of the electrolyte is also of importance. 
At the same ionic strength NaCl is the most effective in lowering mobility, fol- 
lowed in turn by Na,HPO,, Na2SO, and KCl. The same order is observed, 
according to Maron and others, for the effectiveness of these salts on the coagu- 
lation of Type II GR-S latex. It is important to note that in the case of 
Na,HPO, at high ionic strengths aggregation and coagulation were observed 
which encumbered the determination of mobility. However, the authors 
succeeded in establishing that the electrophoretic mobility decreases sharply. 

The shape of the curves in Figure 17 reveals that, with increasing iotiic 
strength, the mobility of the latex globules at first increased, reached a maxi- 
mum and then decreased. The shape of the curve is explained as follows. The 
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initial rise in mobility at low ionic strengths is probably a result of ion adsorp- 
tion which leads to increase of the electrokinetic potential. It is possible that 
the ionic strength at which this increase takes place is too small to cause ap- 
preciable desolvation of the soap. At this point the effect of the electrolyte on 
the ionic atmosphere begins to exert some influence, and probably adsorption 
of cation takes place causing a decrease of the electrophoretic mobility and the 
curve goes over its maximum. The levelling off of mobility decrease, which is 
observed at ionic strengths 0.3—0.4 is probably a result of the counterbalancing 
action of desolvation. The last has a tendency to increase the charge density 
and thus the electrophoretic mobility. A sharp lowering of the mobility near 
the end of the curve, according to Maron and others, is caused by desorption 
of the soap and neutralization of the latex particles. A proof that the desorp- 
tion process takes place is indicated by the fact that a sharp lowering of the 
surface tension on the boundary “latex-air” is observed near the coagulation 
point. 
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Fic. 17.—Effect of ionic strength (J) on the electrophoretic mobility (u) 
of Type II GR-S latex at 30° C, pH =8.2-9.0. 


Curve 1.—Na:HPO«+NaCl (1:4.5 mole ratio). 
Curve 2.—Na:zHPO, coy. 

Curve 3.—NazHPO«+Na280, (1:3 mole ratio). 
Curve 4.—Na:HPO«+ KCl (1:4.5 mole ratio). 


The authors of the present survey cannot completely agree with the explan- 
ations of the form of the curves of Figure 17 given by Maron and others. 
Firstly, in giving an explanation for the shape of the curves they did not take 
into account the electrophoretic retardation and electrophoretic relaxation 
which are very much dependent on the value of X. The last value is ini ts 
turn a function of the ionic strength. Secondly, it is unbelievable that desolva- 
tion can lead to an increase in electrophoretic mobility. As a rule, the de- 
solvation is connected with the contraction of the double electric layer and 
leads to the opposite effect. Thirdly, it is also unbelievable that at the high 
ionic strength (end of the curve) soap desorption takes place. In the solutions 
under investigation the solids content was always 9-15 g/1 independent of the 
ionic strength. In such conditions the increase of ionic strength (concentration 
of the electrolyte) can only favor soap adsorption on the surface of the globules. 
It is much more probable that the decrease of electrophoretic mobility at high 
ionic strength can be explained by strong contraction of the double electric 
layer as a result of the anti-ion action. 

In another paper Maron and Bowler'* described the effect of concentration 
of the electrolyte on the electrophoretic mobility of the globules of Type III 
GR-S latex stabilized by potassium rosin soap. The relationship between the 


4 
2 
02 

A 
A 

34 

: 


ELECTROKINETIC POTENTIALS OF LATEXES 


005 010 O15 


Fie. 18.—Effect of ionic strength on the mobility (u) 
of globules of Type III GR-S latex. 


Curve 1 
pH 


electrophoretic mobility and the ionic strength at constant pH was determined 
at 30° for seven different pH values. The results so obtained are illustrated in 
Figure 18. At all values of pH the electrophoretic mobility decreases with in- 
creasing ionic strength. This decrease is more noticable at high and low ionic 
strengths than at medium ones. 

Munro and Sexsmith” investigated the effect of concentration of electrolyte 
with monovalent cations and anions on the electrophoresis of very dilute syn- 
thetic latexes in the concentration range of the electrolyte, 0-0.01 M. The 
authors believe that at such small concentrations the effect of electrolytes on 
the electrophoretic mobility is the most apparent. NaCl was used as an electro- 
lyte for these experiments. Immediately after addition of the electrolyte the 
latex samples were shaken well and allowed to stand for 12 hours. After that 
the electrophoretic mobility of the particles was determined using the modified 
micro method of Briggs. 

In Figures 19, 20, and 21 curves are shown representing the dependence of 
the electrophoretic mobility on the concentration of electrolyte for latexes 
stabilized by nonionic hydroxy ethyl cellulose, by anionic gum arabic, and by a 
cationic soap respectively. The pecularities of the curves of Figures 19 and 20 
which are characteristic for all the latexes containing nonionic and anionic 
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Fia. 19.—Effect of the slestesiyte concentration on the electrophoresis and —— of thetic latex 
containing hydroxyethy] cellulose as a stabilizer: Curve / we! tability. 
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Fic. 20.—Effect of the electrolyte on the electrophoresis and stability of a synthetic latex 
containing gum arabic as a stabilizer. 


Curve 1.—electrophoretic mobility. Curve 2.—stability. 


stabilizers is the presence of two extreme points. The authors believe that the 
presence on the curve of a minimum followed immediately by a maximum is 
related to the formation of micelles in the latex. It is very probable that on 
reaching a certain concentration of electrolyte favoring adsorption, the quan- 
tity of emulsifier on the surface of the particles is sharply increased. As a 
result of that, the density of the electric charge on the surface of the globules 
increases. This in turn leads to an increase in electrophoretic mobility. 
Simultaneously, the formation of the micelles begins in the water phase. Fur- 
ther addition of the electrolyte results in contraction of the ionic atmosphere 
around the particles and this then causes the decrease in the electrophoretic 
mobility. The latex particles which contain nonionic stabilizer and which be- 
have, on electrolysis, similarly to those stabilized by anionic stabilizers can 
acquire a charge as a result of adsorption on their surface of the anionic sub- 
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Fia. 21.—Effect of electrolytes on the electrophoresis and stability of a synthetic latex 
containing a cationic soap as a stabilizer. 


Curve 1.—electrophoretic mobility. Curve 2.—stability. 
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stances which were formed during polymerization or in consequence of adsorp- 
tion of negative ions from the water phase. 

In the case of latexes containing cationic stabilizer, the curve (Figure 21) is 
of quite different form. It is probable that the concentration of cationic 
emulsifier which is present in dilute latexes still exceeds the critical concentra- 
tion of micelle formation. Under such conditions, the addition of a salt causes 
a notable increase of micelle migration toward the surface of the globules result- 
ing in an increase in electrophoretic mobility. This is true up to comparatively 
high concentrations of sodium chloride. Doscher*® showed that actionic 
emulsifiers at higher than critical concentrations have a greater tendency to- 
ward adsorption as charged aggregates or micelles, than as ions. Another 
explanation for the absence of the extreme points on the curve of Figure 21 can 
be given using the point of view of Schulman and Cockbain®. These authors, 
in contrast to Doscher, believe that long chain compounds, due to their ability 
to ionize, are very soluble in water. Therefore, on the boundary “hydrocar- 
bon-water’’, only very broadened adsorption films can form. The correctness 
of such an explanation is confirmed by the fact that Powis and Wood on obser- 
vation of the electrophoretic mobility of oil drops in a solution of dodecyl- 
pyridinechloride did not find the extremes on the curves which are supposed to 
correspond to the formation of micelles. 

It is necessary to note that the difference between the maximum and mini- 
mum electrophoretic mobilities near the critical concentration for the formation 
of micelles increases with increasing anionic character of the stabilizer. The 
limiting mobility value follows the same regularity. Ham and Dean“ investi- 
gated the effect of salt addition on the electrophoresis of dispersions of octade- 
cane and also found limiting values of electrophoretic mobilities. The electro- 
phoretic mobility did not fall to zero in these experiments but decreased loga- 
rithmically to approach certain limiting values which were dependent on the 
nature of the salt added. Their results indicate the existence of a certain salt 
concentration after which further addition of salt does not affect the electro- 
phoretic mobility of particles. This contradicts the usual concept that the 
electrolyte, if it is present in sufficient quantity, can cause complete discharge 
of the particles or even impart a charge of the opposite sign. 

In summarizing the work of Munro and Sexsmith, the experiments con- 
cerning the relationship between the electrophoretic mobility of globules and 
the stability of latexes should be mentioned. For determination of stability 
the same solutions which served for determination of electrophoresis were 
used. Dilute latexes, after introduction of electrolyte, were centrifuged for 
30 min at 2070 rpm. The centrifuged solutions were then transfered into 
clean test tubes and underwent further centrifugation for 10 minutes. After 
that, the turbidity of the liquid was determined using a photoelectric colorim- 
eter with blue light filter Number 342. The turbidity was always propor- 
tional to the solids content of the latexes except in the case of very dilute sus- 
pensions of polydisperse latexes. Using the data thus obtained, so called 
“stability curves” were constructed showing the variation of the turbidity of 
the latexes as a function of their electrolyte content. The stability curves are 
given on Figures 19, 20 and 21 which also contain the corresponding electro- 
phoretic mobility curves discussed previously. 

The stability curves are quite comparable with the curves of electrophoretic 
mobility for each given latex. Besides that, each of the latexes which contain 
a nonionic or anionic surface active stabilizer, has a minimum in the stability 
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curve at approximately the same electrolyte concentration at which the mo- 
bility minimum occurs. The stability curve for a latex which contains a ca- 
tionic stabilizer is also similar to the corresponding curve of the electrophoretic 
mobility. Neither curve possesses a minimum but both are steeply inclined at 
low salt concentrations, and then pass into a slanting maximum. It is worth- 
while to note that the latexes which contain cationic stabilizers and have the 
most mobile globules exhibit the greatest stability on electrophoresis. It was 
impossible to establish any traces of precipitate in these even after storage for 
one week. The results of the investigation performed by Munro and Sexsmith 
perfectly confirm our opinion that the stability of latexes is a function of the 
electrokinetic potential of their particles. 

Voyutskii, Panich and Kal’yanova!*-” studied the effect of cations on the 
electrokinetic potential of globules of a synthetic latex stabilized by ammonium 
oleate. The most interesting results of this investigation were that under 
certain conditions electrolytes with trivalent cations, for example aluminum 
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Fie, 22.—Variation of electrokinetic potential ({), specific Seieennaty (Ao), and pH as a function of 
Cls concentration in the latex. 


Curve 1,.—{. 
Curve 2.—)o. 
Curve 3.—pH. 


chloride, are able to reverse the charge on the surface of the latex globules. 
Preliminary experiments showed that the reversal in charge by aluminum 
chloride or acid was possible only in the case where the solution of electrolyte 
was introduced into a dilute latex that contained only 2-4 per cent solids. 
Besides that, the charge reversal occurred only in the case when about an equal 
volume of a 0.001 M or higher aluminum chloride solution was added to the 
latex. Aluminum chloride solutions of lower concentration could not cause 
the reversal. The introduction into latex of calcium chloride solutions of any 
concentration under any conditions always led to complete coagulation. 
However, introduction of saturated solutions of potassium chloride into latex 
did not cause coagulation but only caused reversible flocculation. 

In order to establish the relationship between the electrokinetic potential 
of latex globules and the quantity of aluminum chloride introduced, the au- 
thors used the same method which was used in experiments concerning the 
reversal of charge of latex globules by acid described in the previous section of 
this review. Latex, containing 4 per cent solids was diluted with an equal 
volume of aluminum chloride solution of a certain concentration. The solu- 
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tion underwent electrophoresis at a pH value which the solution had after the 
introduction of electrolyte. The solution of aluminum chloride was used at a 
concentration which was equal to the electrolyte concentration under investi- 
gation. The specific electroconductivity of the medium was established with 
the aid of a sodium chloride solution, the pH of which was controlled by intro- 
duction of borax or sodium hydroxide. The results of these measurements are 
shown in Figure 22. 

As more and more aluminum chloride is introduced into the latex, the ab- 
solute value of negative electrokinetic potential at first sharply decreases, passes 
through zero at an electrolyte concentration of 0.00055 M, and then goes over 
into the positive region. The positive values decrease somewhat upon further 
addition of electrolyte. The stability of the latex globules, on which the 
charge was reversed by the aluminum salt, decreased. The same was true for 
the case of charge reversal with acid. This corresponded to the smaller value 
of electrokinetic potential of particles in acidic media. In the zone near the 150 
electric point the latex was quite unstable. 
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Fie, 23.—Variation of the electrokinetic potential ({) as a function of pH of the latex. 


Curve 1.—HCIl. 
Curve 2.—AlICls. 


In interpreting the phenomena which take place on reversal of charge on 
latex globules by aluminum chloride, it is necessary to take into account the 
following: Firstly, on introduction into latex of aluminum chloride, it undergoes 
partial or complete hydrolysis depending on the pH of the latex. As a result 
of this, the system becomes acidic. Thus, on addition of aluminum chloride 
to latex, the electrokinetic potential of globules is affected by aluminum ions 
and also by a change of pH of the solution. Secondly, starting from pH = 4 
and higher, formation of an insoluble amphoteric aluminum hydroxide which 
is absorbed on the surface of the globules occurs in the system. The fact that 
the coagulum obtained under these conditions is quite different from the co- 
agulum which is formed on acidification of the latex can be advanced as proof 
for the absorption of aluminum hydroxide. It is a fine precipitate or friable 
lumpy substance easily pulverizable between the fingers. This characteristic 
of the precipitate is obviously caused by the fact that each globule is surrounded 
by a layer of aluminum hydroxide, which prevents direct contact between the 
globules and hinders formation of the usual compact coagulum. 

In order to exclude the influence of pH on the electrokinetic potential of 
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latex globules, when the effect of aluminum chloride is considered, it is con- 
venient to use Figure 23. The variation of the electrokinetic potential as a 
function of pH in the series of experiments where aluminum chloride was added 
is shown (curve 2) as well as the series of analogous experiments where different 
quantities of hydrochloric acid were used (curve 1). Comparing curves 1 and 
2, one sees that the introduction of aluminum chloride into the system consider- 
ably displaces the curve of ‘‘electrokinetic potential—pH of dispersion” toward 
the right. However, their shapes are similar. The question concerning which 
ions can determine the charge of the globules on introduction of the aluminum 
chloride into latex arises. The positive electrokinetic potential in this case 
can be determined by the aluminum ions only at pH = 4.1 and lower. At 
higher pH values amphoteric aluminum hydroxide which is absorbed by the 
globules will be formed so that the positive charge of the particles can be ex- 
plained by the presence, on their surface, of ions such as Al(OH),* or Al(OH)** or 
hydrogen ions which are still present in the system and which also can be adsorbed. 

The isoelectric point of aluminum hydroxide according to the literature 
lies in the range of pH 7.5-8.0. In accordance with this, curve 2 crosses the 
abscissa approximately at the indicated values of pH. It is obvious that the 
electrical properties of the globules in this zone of pH are almost completely 
determined by the layer of aluminum hydroxide adsorbed on the surface of the 
globules. At higher values of pH, the aluminum hydroxide which is adsorbed 
by the globules now is charged negatively, and Al(OH),O~ ions will be found 
on the surface of the globules. It seems that this fact should favor increasing 
the negative electrokinetic potential of the globules in basic media at the same 
pH value. In reality, this is not so. However, it is necessary to keep in mind 
that for charge reversal by aluminum chloride at high values of pH only a small 
amount of the aluminum salt need be added. An increase of the absolute value 
of the negative electrokinetic potential caused by hydroxy] ions due to addi- 
tional adsorption of the Al(OH),.O ions on the surface of the particles can occur 
but not be observed. Aluminate, according to Daniels (compare**) usually 
cannot be formed at pH = 6.8 in the case under consideration. 

The latex which was used for the experiments contains ammonia and, as is 
known, in the presence of ammonia, aluminate is completely transformed into 
aluminum hydroxide. The experiments concerning charge reversal on the 
latex globules with the aid of aluminum chloride addition as well as by acidifica- 
tion are illustrative examples which prove how important the electrokinetic 
potential is in stability of latexes. Really, latex turns out to be quite stable, if 
its globules possess sufficiently high potential, independent of pH of the medium 
and the nature of the stabilizer. At low potentials, the latex is unstable and 
undergoes coagulation. As experiment shows, the lower the electrokinetic 
potential is, the more complete is coagulation. At the isoelectric point the 
coagulation is complete and takes place almost instantly. It is important to 
note, that latex with globules of reversed charge is noticably less stable than the 
initial one. This can probably be explained by the different nature of a cationic 
stabilizer. The lower stability of this latex is in agreement with the fact that 
the absolute value of the electrokinetic potential of the globules of this latex is 
smaller than the potential of the globules of a latex of normal charge. 


DISTRIBUTION OF STABILIZER IN LATEXES 


Baker®® performed detailed studies of the distribution of the stabilizer— 
native albumin—in natural latexes and their concentrates. This investigator 
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judged the protein distribution between the disperse phase and the dispersing 
medium by the nitrogen content. According to Baker, the amount of nitrogen 
in the disperse phase in natural latex and its concentrates varies considerably 
depending on the origin and method of treatment of the product. In fresh 
latexes the quantity of nitrogen which is contained in the disperse phase is 
approximately 25 per cent of the total present in the latex. In products which 
have been centrifuged, the absolute nitrogen content is always lower, but the 
per cent of nitrogen combined with the disperse phase is considerably higher. 
Baker investigated the effect of dilution of latex on the protein desorption from 
the surface of the latex globules. The experiments were performed so that the 
latex underwent numerous creamings followed each time by removal of the 
serum liberated from the globules. The residue was then diluted with the pre- 
cipitating agent. As a precipitating agent, sodium alginate was used, which as 
the author and Bondy“ showed is not readily adsorbed by the globules. Dis- 
tribution of the protein in the latex was established from the quantity of nitro- 
gen combined with the disperse phase (Np) and that present in the serum (Ns). 
In both cases the quantity of nitrogen was expressed in per cent of the total 
quantity of rubber. 


TaBLE V 


Tue Errectr or DILUTION ON THE DISTRIBUTION 
OF PROTEIN IN LATEXES 


40% Latex-Ammonia preserved 


Ngin % of rubber Noin % of rubber 
Tnitial Final Initial Final 
6 10 0.208 0.0016 0.173 0.131 
15 7 0.198 0.0036 0.135 0.134 
15 7 0.194 0.0027 0.108 0.100 


The results are given in Table V. The quantity of adsorbed protein is smaller 
on the globules of latexes which have been stored for a long time than on the 
particles of fresher latex. 

On investigation of various fractions of latexes, Baker established that, in 
accordance with the size and total surface of the latex particles, the fractions 
with increasing nitrogen content could be classified in the following order; 1) 
Centrifuged concentrate, 2) Settled concentrate, 3) Initial latex, 4) Serum, 
remaining after centrifugation. Treatment with base sharply lowers the 
nitrogen combined with the disperse phase. Most of the protein is desorbed 
from the globules during the first hours of treatment. Baker showed that even 
upon numerous protracted treatments of the latex by a base, it was impossible 
to remove completely all of the protein from the dispersed phase. About 4 per 
cent of the total nitrogen or 0.02—0.03 per cent if calculated with respect to the 
rubber always remained. It is impossible to remove this nitrogen by extraction 
with acetone. On the basis of these experiments, Baker assumed that a cer- 
tain part of the nitrogen is combined with the rubber chemically. Removal of 
the nitrogen containing substance from the surface of globules is considerably 
faster at 70° C than at 50° C. 

Another method for the removal of protein from the surface of the globule 
consists in its displacement by any surface active substance, for example, by 
soap. Table VI lists the results of nitrogen determinations (Np and Ns) in 
concentrate, obtained by creaming of a latex, into which various quantities of 
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potassium oleate were introduced. It is shown that the potassium oleate dis- 
places the protein from the surface of the rubber globules. Most of the protein 
(except 0.03 per cent) can be displaced by potassium oleate. In addition, the 
author showed that the soap not only displaces the protein from the surface of 
rubber particles but also some substances of unknown structure. Since these 
substances of unknown structure are displaced last by the soap, it is plausible 
to assume that they are more surface active than the protein, and are therefore 
lipoids, which are strongly bound to the rubber. Investigation of variation of 
the distribution of the nonrubberlike components in ammoniated latex during 
twelve months storage showed that the quantity of nitrogen which is connected 
with the disperse phase decreases with time. According to Baker, this is ex- 
plained by existance in the fresh latex of complexes from which proteins and 
fatty acids can be split. 

In the investigations by Roberts*’** there are indications that chemical 
complexes whose components can be split on hydrolysis are present in fresh 
latex. The hydrolyzing agents are enzyme and bacteria. The changes in the 
chemical composition of a latex to which ammonia was added are explicable by 
the joint action of enzymes and ammonia. They split off and destroy the pro- 


VI 


Errect oF Soap ON Protein DistripuTion IN Naturat Latex 


Amount of potassium 
oleate (in g) added 


% Nop in of 
0 0.088 0.180 
0.16 0.099 0.130 
0.35 0.102 0.115 
0.62 0.107 0.095 
1.35 0.118 0.046 
2.57 0.122 0.036 


teins, forcing them to transfer from the surface of the globules into the water 
phase. They also liberate fatty acids which concentrate themselves as the 
ammonium soaps on the “rubber-water’ boundary. The first process de- 
creases, and the second one increases the stability against acid coagulation of 
the latexes. Existence of the opposite tendency which affects the latex stability 
on coagulation is confirmed by the experiments of Rhodes*®. 

Very interesting information concerning the ratio of stabilizer adsorbed on 
the globule’s surface and that present in the water phase of GR-S latex is given 
in the review of Zwicker®™. In GR-S latex of 0.1 u particle diameter stabilized 
by the soaps of fatty acids, each 100 parts of polymer contains about 7 parts of 
soap. If the latex contains 40 per cent solids, less than 0.04 per cent of the 
soap is present in the water phase, representing only 60 per cent of practical 
saturation. In other words, 99 per cent of the total amount of soap in the latex 
is present on the surface of the globules. Furthermore, the experiments show 
that four more parts of soap, in respect to polymer, can be added before there is 
any appreciable increase of soap concentration in the water phase. It is nec- 
essary to note that, according to Zwicker, such a relationship observed in the 
case of synthetic GR-S latex differs from that for Hevea. In the case of natural 
latex the surface of the globules can be saturated by addition of a relatively 
small quantity of soap. If one neglects this difference between many synthetic 
latexes and natural ones, it can lead to difficulty. For example, the addition 
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of a well stabilized dispersion of filler to a soap-starved latex leads to micro- 
flocculation of the latter. This is explained by the fact that the stabilizer goes 
from the particles of the filler on to the globules of latex. 

Soap adsorption up to saturation of the surface of the latex particle and 
formation of a homogeneous monomolecular layer is used by Maron and others 
for determination of the size of latex particles. The latex is titrated by the 
soap solution. After the formation of the homogeneous monomolecular layer 
on the surface of the globules the formation of soap micelles begins in the water 
phase. This can be established by a series of indications: a minimum in the 
surface tension®?; a break in the electroconductivity vs. soap concentration 
curve®; ability of the solution to dissolve, colloidally, hydrocarbons and pig- 
ments™; change of the structure of the foam; gelatinization at change of viscos- 
ity; and change in light scattering®™. 


STRUCTURE OF THE ADSORBED LAYER ON THE 
SURFACE OF LATEX GLOBULES 


Electrophoretic investigations, studies of stabilizer distribution between the 
dispersed phase and the dispersing medium, and also observations by a number 
of investigators who studied latexes with the aid of other methods enable us to 
make some generalizations concerning the structure of the adsorbed stabilizer 
layer which covers the surface of the latex globules. Such generalizations are 
very useful for a deeper understanding of the importance of the electrokinetic 
potential as a factor responsible for the stability of latexes. 

Natural later.—According to Kemp", a layer of protein is present on the 
surface of globules of natural latex. The external part of it consists of sub- 
stances whose structure is not well known. Proof of the presence of this layer 
lies in the constancy of the acetone extractable material which is obtained after 
repeated creaming of the latex. This layer is usually removed in centrifugation. 
It can also be removed by heating the latex with alkali and subsequent coagula- 
tion of the latex with «lcohol®’. Upon such treatment the acetone extract is 
decreased from 2.4 to 1.2 per cent. The acid number of the acetone extract is 
simultaneously decreased from 109 to 11. Ordinary coagulation of the latex 
by acid liberates fatty acids which are found in the acetone extract. This indi- 
cates that fatty acids are present in the latex serum as soaps or as more com- 
plicated compounds which are split upon acidification. In Figure 24, the 
structure of the latex globule, taken from the paper by Kemp, is shown. 

Baker* believes that proteins, soaps and other surface-active substances 
probably of lipoid nature are present on the surface of globules of natural latex 
as complex films. These films, at sufficiently high concentrations, can become 
a double layer with the hydrophobic lipoid part directed toward the rubber 
phase and the hydrophilic part, which consists of proteins and soaps, facing 
outwards. Baker assumes that the thickness of such a double layer is hardly 
more than 40 A. 

The works of van Gils®* and of Cook and Sekhar™® established that fresh 
Hevea latex is not solely a dispersion of rubber globules in the serum, but that 
there are also present large gel-like particles of their agglomerates which form 
in the rubber dispersion as a separate phase. These substances were named 
lutoids because they contain the yellow coloring matter of the rubber. The 
lutoids probably play a certain role in the process of rubber formation in the 
tree. It is supposed that the lutoids partly consist of three-component coacer- 
vates and positively charged magnesium ions. These coacervates not only 
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form a separate lutoidic fraction, but also envelop the rubber globules. On 
introduction of ammonia into latex, the lutoids are partially dissolved. 

In spite of a disagreement among some investigators concerning the details 
of structure of the adsorbed layer, all the investigators come to the conclusion 
that the stability of natural latex is due to the presence of the adsorbed layer of 
protein on its globules. Since in natural latex, at least two proteins are pres- 
ent—A and B, investigations aiming to clarify which of these proteins deter- 
mine the colloidal properties of the latex have been carried out. Omitting the 
details of these investigations and referring to the papers in question ™ let us 
note only that all the investigators assign the stability of the latexes in basic 
and neutral media to protein A. The authors come to this conclusion on the 
basis of the following facts: protein A is adsorbed more strongly on the inter- 
phase surface; it can be precipitated by all substances which provoke the co- 
agulation of the latex; and the latex globules at pH = 5.5 and higher have the 


Fie. 24.—Schematic drawing of natural latex globule. 


A.—Transitory layer of soap or lipide. 

B.—Adsorbed protein layer. 

C.—Gel-+rubber hydrocarbon layer. ‘ 
D.—Sol+rubber hydrocarbon emulsion containing sterol bodies. 


same electrokinetic mobility as protein A. In acidic media, in the pH range 
of 4.5—5.4 where association of the globules begins, the results of electrophoresis 
show that there is a layer consisting of a mixture of proteins A and B on the 
surface of the aggregates. From pH 3.7-4.5 only B is present. 

An electrophoretic investigation of proteins carried out later with the serum 
of rubber latex® showed that, while in the serum of latex preserved with 
ammonia there are two proteins, unpreserved Hevea latex contains seven 
electrophoretically separable proteins. On investigation of the relationship 
between the electrophoretic mobility of these proteins and pH, it was established 
that not all of these proteins have an isoelectric point in the acidic zone and that 
the isoelectric points of two prtoeins lie at pH = 7.9 and 9.7. Preservation 
with the aid of ammonia not only decreases the number of the resolvable pro- 
teins from seven to two, but also more than doubles their electrophoretic mobil- 
ity at pH = 6.85. The authors assume that this at least partially accounts 
for the superior mechanical stability of preserved latexes within a short time 
after ammonia preservation. However, the authors do not reject the possi- 
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Fie, 25.—Relationship between fraction of the globule-surface covered 
with protein and the pH of the serum. 


Curve 1 2 3 4 6 6 
Latex Conc., g/l 0.016 0.98 3.9 11.8 39.1 67.6. 


bility that the increased stability of the latexes might also be a result of soap 
formation by hydrolysis of resins. 

The structure of the adsorbed layer on the surface of natural latex globules 
can be essentially affected by a number of factors. Kemp and Twiss" at- 
tempted to measure the variation in protein and rubber resin adsorbed at the 
surface of the natural latex globule as function of pH of the serum and degree of 
dilution of the latex. The method employed is based on the assumption that 
the resultant surface charge-density of a composite colloidal particle depends on 
the surface-charge densities of the capillary-active substances adsorbed at the 
particle surface, and on the fraction of the surface area occupied by those 
substances. 

Figures 25 and 26 illustrate the change in surface fraction covered with 
protein as a function of pH in latexes of various concentration. 

Figure 27 shows the variation in composition of the surface of latex globules 
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Fie. 26.—Relationship between fraction of the globule-surface covered with 
rubber resin and the pH of the serum. 


Curve 1 2 3 4 6 6 
Latex Conc., g/l 0.016 0.98 3.9 11.8 39.1 67.6, 
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at pH = 8 as a function of concentration of the latex. The external surface 
of the globules of natural latex is entirely composed of protein when the solids 
content of the latex exceeds 12 per cent and the surface, at the concentration 
indicated above, is indicated to remain completely covered with protein up to 
pH = 10. On the other hand, from Figure 25 it follows that in natural latex 
at large dilutions (for example, solids contents of 0.016 g/l and at sufficiently 
high values of pH) the rubber globules are completely deprived of their pro- 
tective protein shell. 

Obviously, in this case, their stability is determined not by the protein ad- 
sorption, but by other factors which will be discussed further. Kemp and Twiss 
believe that these results are not necessarily at variance with the presence of 
protein on the surface of globules as a lipoid-protein complex, though they agree 
more naturally with the simpler view as to the independence of the protein and 
the rubber-resin. 
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Fie. 27.—Variation in surface composition of natural latex at ph 8.0 
as a function of concentration. 


1. Protein. 
2. Resin. 

It is interesting to compare the data of Kemp and Twiss with that of Baker**, 
who judged the saturation of the adsorbed protein layer using the distribution of 
the nitrogen between the serum and the globules of natural latex. The results 
obtained by Baker mentioned previously in the present review show that on 
dilution of natural latex, only insignificant desorption of the proteins can be 
observed. For example, despite dilution of more than 1000 times in one of a 
series of experiments (latex P) the nitrogen quantity present in the serum (Ns) 
became 100-130 times smaller than it was initially, and the nitrogen remaining 
combined with the globules (Np) was hence 76% of the initial quantity. Ac- 
cording to Baker, the relationship between Np and Ng can be represented by 
the equation: Np = 0.128 N5°°*, which is of the type 


Zz 


suggested by Freundlich for adsorption equilibria of the liquid-solid type. 
Due to the very small value of1/n for the given case, the adsorption of protein 
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by rubber is considerably stronger than that of liquids on porous absorbates, 
such as charcoal or silica gel. 

It is worthwhile to note, that in the case of natural latex stabilized by pro- 
tein, irreversible adsorption of the stabilizer on the surface of the latex globules 
is also possible. In any case, a good example of irreversible adsorption of 
protein on the surface of drops of the disperse phase was observed by Schorter*® 
in preparation of an oil emulsion in the presence of common albumin. On 
shaking, a quasi solid shell of albumin, which immediately underwent denat- 
uralization due to the action of the surface forces, was formed around éach drop 
of oil. As a result of this, the change which took place in the adsorbed layer 
had the character of an irreversible coagulation. 

The question of the spontaneously occurring process of concentration of the 
dissolved substance in the interphase layer is very important in connection with 
stability of emulsions and dispersions toward dilution. It is thought that, in 
the case of irreversibility of the adsorption of stabilizer, latexes should be con- 
siderably more stable upon dilution by water. However, the stability of very 
dilute latexes depends also on other factors, which will be considered further. 


Tasie VII 


Soap REQUIRED FOR THE FORMATION OF A SATURATED MONOMOLECULAR 
LAYER ON GLOBULES IN LATEXES OF VARIOUS DISPERSITY 


Total Milliequiv- 
Diameter Number of surface alents of soap 
of globules globules per sq meters/ per 100 parts 
ing kg of polymer kg polymer of polymer 
0.02 2.39 < 10” 300,000 236 
0.06 8.84 X 10'8 100,000 78.6 
0.20 2.39 X 10" 30, 6 
0.60 8.84 x 10° 10,000 7.9 
2.0 2.39 X 10" 3,000 2.4 
6.0 8.84 X 10” 1,000 0.8 


Synthetic lateres—The structure of the layer which covers the surface of the 
globules of a synthetic latex is considerably less complicated, and therefore the 
phenomena observable upon its formation and destruction are much more 
simple than in the case of natural latex. First of all, in the serum of synthetic 
latexes one quite definite stabilizer is usually present. Secondly, the stabilizer 
in this case is, as a rule, a low molecular weight compound such as the soap -fa 
fatty acid, a sulfonic acid or its salt etc. 

In the general concept of the structure of layers of surface active substances 
on interphase surfaces, we think that in such adsorbing layers the hydrocarbon 
part of the adsorptive is directed toward the rubber, and the ionic group, to- 
ward the water. The paper of Zwicker™ contains an indication of the degree 
of saturation by the adsorbing layer which covers the globules, of synthetic 
latexes stabilized by soaps of fatty acids. In this paper the calculation of the 
quantity of the soap which is required for the formation of a monomolecular 
layer on the globules of various latexes is given. The surface area to which the 
molecules of the fatty acid soap adhere in a saturated monomolecular layer is 
assumed tobe21A?. The results of such calculations for hypotethical, mono dis- 
perse latexes are given in Table VII. 

Experience has shown that in order to get a GR-S latex stable enough for 
purposes of transportation and storage it is sufficient to add only 40-60% of the 
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soap necesSary for the formation of a saturated surface layer®. This, the ad- 
sorbed layers on the globules of synthetic latexes are not polymolecular (as 
some authors think™:® 6.67) and are not even saturated as a rule. This con- 
clusion that the surface of the globule is not saturated is a serious argument 
against the assumption that the formation of gel-like shells around the globules 
can affect the stability of synthetic latexes. The importance of this shell for 
the stability of emulsions and some other colloids was underlined by Ramsden®, 
Lewis™, Rebinder” and by a number of other investigators. It is hardly possi- 
ble to speak about the presence of two dimensional gels surrounding the par- 
ticles and about the mechanico-structural properties of these gels if one keeps in 
mind the lack of saturation by the adsorbed layer of the surface of the globules of 
common synthetic latexes. However, it is necessary to keep in mind that in a 
homologous series of fatty acid salts, the stabilizing effect toward foams and 
emulsions probably passes through a critical point showing a sharp increase at 
Cy, i.e., when soap like properties become evident. The adsorption, however, 
in a homologous series increases in accordance with the Traube rule, and there- 
fore, constancy of the adsorption of the potential determining ion could be pre- 
served by a simple increase in the concentration of the surface active substance 
by 3-3.5 times on going to a lower homolog. However, it is known that the 
lower homologs of the salts of fatty acids are not able to stabilize emulsions and 
foams in any concentration. Rebinder indicated that these considerations 
were the facts confirming the specificity of the stabilizing effect of soaps as pro- 
tecting colloids. In concluding what has been said about the structures of the 
adsorbed layers on the globules of synthetic latexes it is worthwhile to mention 
that there is no direct relation between the degree of saturation and the electro- 
kinetic potential. As we saw, Maron and Bowler showed that with increasing 
soap content in synthetic latex, the electrokinetic potential does not increase 
and it can even be decreased. 

Very dilute lateres.—It was noted already that at comparatively moderate 
dilutions of latexes with water only a small part of the stabilizer undergoes de- 
sorption and transfers to the serum. However, at very large dilutions the 
surface of the globules loses a considerable amount of stabilizer which goes over 
into the water phase. Both the considerations based on the reversibility of 
the adsorption phenomenon, and the electrophoretic data obtained by Bowler 
confirm this. However, simple experiment shows that even at very large dilu- 
tion latex systems do not lose their stability if the pH of the water which is used 
for dilution is adjusted to the pH of the initial latex and does not contain poly- 
valent cations. The question of what causes the stability of such dilute latexes 
then arises. This stability of very dilute latexes as well as the stability of very 
dilute emulsions can be explained in a number of ways. Firstly, in the case of 
large dilutions the coagulation of dispersed systems is slowed because of the 
decrease in probability of collision which would lead to adherence and coagula- 
tion of the particles. Secondly, in very dilute emulsions and latexes the parti- 
cles can adsorb hydroxyl and hydrogen ions which are always present in water 
and thus obtain a charge and a hydrate shell. This can favor the stability of 
the system. Schorter® believes that, at large dilutions, the emulsion droplets 
preferentially adsorb hydroxy] ions from the water and therefore are charged 
negatively. In more concentrated solutions the specific activity of the hydro- 
gen and hydroxy] ions disappears and the ion of the opposite sign is adsorbed 
which leads to a lowering of the free charge. This question can be solved 
definitely only after detailed experimental investigation. 
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Although the production of foam rubber on an industrial scale has been for 
a considerable time a rather well-controlled process, all factors involved are still 
insufficiently known. The most critical phase of the manufacturing process is 
undoubtedly the gelation of the foam produced. This consists of a clotting of 
the dispersed rubber particles while a simultaneous destabilization of the dis- 
persed gas bubbles has, however, to be prevented. In order to gain a better 
insight into the present and similar processes, a fundamental knowledge of 
foams in general and of their stability conditions in particular is indispensable. 

The author studied the technology of foam rubber manufacture in the 
laboratories of the Rubber-Stichting at Delft and carried out the research de- 
scribed in this review in order to get at the “fundamentals”. Since he comes 
from the University of Utrecht, the school of thought inherent to the labora- 
tories of physical chemistry there has been the basis of his reasoning. He is 
indebted to Professor J. Th. G. Overbeek for many helpful suggestions. 


I. STRUCTURE AND STABILITY OF FOAMS 


A critical survey is given of the various factors governing the stability of 
foams. Special attention is paid to the role of surface tension and to the im- 
portance of Gibbs’ effect of surface elasticity of thin liquid films. The con- 
tribution of the last factor to the free energy of deformation of foam lamellae is 
estimated. 

The two different forms of foam structure which may occur, foams with 
spherical bubbles and foams containing polyhedral cells, are described. Their 
differences are explained in particular with respect to the processes responsible 
for the spontaneous destabilization of foams: transfer of gas between the bubbles 
and collapse of the lamellae. 


1.1. INTRODUCTION 


Foams are colloidal systems containing a gas as the dispersed phase. The 
continuous phase may be liquid or solid. Both solid and liquid foams possess 
the fundamental characteristic common to all “irreversible” colloids, viz. a very 
large interfacial area. The interfacial tension and consequently the total free 
energy of the interface is always positive. Reduction of the interfacial area is, 
therefore, accompanied by a gain in total free energy and hence foams, like 
other irreversible colloids, are unstable in the thermodynamic sense. Spon- 
taneous decrease of interfacial area may be observed in liquid foams and in 
foams in which the continuous phase is slowly changing from the liquid to the 
gel state (e.g., a rubber latex foam during gelation). Approach to thermody- 
namic equilibrium (i.e., total phase separation) proceeds at a finite rate; meas- 
urements of the rate constants of the irreversible processes leading to equilib- 
rium should provide quantitative information about the factors governing the 
most conspicuous property of foams, viz. their (relative) stability. 
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Theories accounting for the stability of foams appeared already in the nine- 
teenth century and were based mostly on the peculiar features of foam struc- 
ture. Though a liquid foam may be properly defined morphologically as a 
dispersion of a gas in a liquid, such dispersions are not generally named foams 
unless the volume concentration of dispersed gas is very high (from 50% to 
> 90%). This remarkably high volume concentration of the dispersed phase, 
which is not often encountered in other irreversible colloidal systems, necessi- 
tates the average distance between the dispersed gas bubbles to be very small 
compared with the diameter of the bubbles. A liquid foam may, therefore, be 
alternatively defined as a two-phase system consisting of the three-dimensional 
continuous structure of liquid lamellae keeping the enclosed gas subdivided. 
This is not merely a formal question of definition: more often foam stability has 
been (or is) discussed not in terms of interaction between dispersed colloidal 
particles but as a problem of strength and rheological properties of thin liquid 
films. The best known of these properties is the “elasticity” due to the exist- 
ence of an interfacial tension between the liquid and the adjacent gas phase. 
Foam lamellae are highly deformable and may, therefore, be subject to import- 
ant variations in interfacial area. Any extension of a surface is accompanied 
by an increase of free energy because work has to be done to bring molecules 
from the interior to the surface. An equal amount of free energy is released 
when the surface contracts isothermally. The resistance of a lamella to any 
deformation leading to extension of its total surface area will be dependent on 
the surface tension of the liquid. It may be easily demonstrated (see Part IV) 
that one of the processes responsible for foam collapse, viz. rupture of lamellae, 
requires indeed a temporary increase of the surface area. The conclusion that 


a high surface tension will increase the resistance of foam lamellae against 
rupture seems, nevertheless, to be contradicted by the general notion that a 
low value of the surface tension of the liquid is desirable in order to obtain a 
stable foam. A more detailed discussion of the relationship between foam 
stability and surface tension may bring out its complexity. 


1.2. SURFACE TENSION AND FOAM STABILITY 


When a given volume of gas is to be dispersed in a unit volume of liquid, the 
free energy increase coupled with this process will be equal to the product of 
surface tension and total interfacial area. Therefore, with a given method of 
producing the foam, lowering the surface tension will permit a higher degree of 
dispersion of the foam bubbles'. Once the foam has been formed, its inter- 
facial area starts to decrease immediately. The gas pressure in the bubbles 
will be larger than the pressure in the surrounding liquid as indicated by the 
classical equation of Laplace? and Young. For a spherical foam bubble of 
radius R the pressure excess is equal to 27/R, if y is the surface tension of the 
liquid. It follows that a pressure difference will exist across a liquid film separ- 
ating two bubbles of unequal size and hence diffusion of gas will proceed from 
the smaller to the larger bubble. This phenomenon has already been investi- 
gated by Dewar‘; in accordance with theory it was found by Clark and Black- 
man® that the smallest bubbles in a foam shrink and disappear while the largest 
ones grow in size. This means that the average bubble size in a polydisperse 
foam increases with time. The decrease of interfacial area will be slower the 
smaller the surface tension. 

Formation of foam and stability towards the influence of internal pressure 
differences are thus both promoted by a low surface tension. The influence of 
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this parameter on the stability against film rupture is less simple. Firstly, it 
must be borne in mind that pure liquids are unable to form “stable” foams. 
Liquid lamellae containing no more than one component collapse very rapidly 
irrespective of the value of the surface tension. Persistent foams have a liquid 
phase which contains at-least two components one of which is preferentially 
adsorbed at the interface. The surface tension is determined by the amount of 
adsorbed solute as defined by Gibbs’ theorem: 


dy =— DT (1.1) 


where y; is the chemical potential and I’; the surface excess of the i-th compon- 
ent. Any deformation of the lamella which is accompanied by an increase of 
its surface area will disturb the adsorption equilibrium and instantaneously 
decrease the amount of adsorbed solute per unit of area. According to Equa- 
tion (1.1) the surface tension rises and this increase of tension should counteract 
further extension of the surface and tend to restore the initial equilibrium. The 
“elasticity” of foam lamellae is usually attributed to this effect only, although 
it is evident that extension of the surface always requires a certain amount of 
free energy, even when the surface tension remains constant. Let us suppose 
that a liquid film of surface area S will be extended by an amount AS as a result 
of local deformation ; the surface tension increases simultaneously by an amount 
Ay. Here and throughout the following discussion Ay is the average increase 
of tension of the total deformed surface S + AS. The surface free energy 
change will be positive and equal to: 


AF, = y:AS + (S + AS)-Ay (1.2) 


The first term on the right hand side represents the increase of free energy in 
the absence of a surface tension change, the second term gives the contribution 
of the variation in tension. The value of the last term has been derived by 
Gibbs® for a film containing two components one of which occurs in greater 
proportion at the surface than in the interior. The “modulus of surface 
elasticity” was defined by Gibbs as: 


dy 
E= 28 (1.3) 


Starting from (1.1) the following result was obtained: 


E=4r? (1.4) 


G, and G; are the total quantities of the components per unit area of the film 
and the subscript 2 refers to the surface active component. Equation (1.4) 
implies that the extension is performed at an infinitely small rate, because the 
equilibrium between surface and bulk composition has to be maintained in order 
to satisfy Gibbs’ theorem (1.1). In reality, however, the deformations in a 
foam lamella are so rapid that equilibrium may be disturbed for an appreciable 
period of time depending upon the rate of diffusion of the molecules or ions to 
and from the surface. The surface tension increase following a rapid extension 
of the surface will, therefore, be larger than given by Equation (1.4). The 


2 

i 


1146 RUBBER CHEMISTRY AND TECHNOLOGY 


relative magnitude of the terms in Equation (1.2) may, nevertheless, be esti- 
mated if we consider the two extreme cases: AS small and AS large. 
When AS < S, Equation (1.2) may be rewritten as follows: 


dF, = ydS + Sdy (1.5) 
dy 
= + ( dS (1.6) 
= (y + 3£) dS (1.7) 


where £ is given by Equation (1.3). 

The relative importance of Gibbs’ “surface elasticity” is now given by the 
ratio $Z/y. An approximate value of Z may be either calculated from the 
surface tension dependence on the activity of the surface active solute, or de- 
rived directly from surface pressure measurements in a Langmuir trough if the 
adsorbed monolayer is insoluble in the substrate. In the latter case the relative 
increase of surface area dS/S will be equal to the relative increase of area per 
adsorbed molecule dA/A, and hence: 


dy dr 
(1.8) 
where the surface pressure 7 is equal to yo — 7, if yo is the surface tension of the 
bare surface. The value of the right hand side of Equation (1.8) follows im- 
mediately from surface pressure measurements; it can also be derived from sur- 
face tension data’ by putting A equal to 1/T: 


dy 


d 


At very low surface concentrations (r < 1 dyne/cem) the adsorbed layer be- 
haves as a two-dimensional ideal gas: 

aw = RTT, and hence }E = r. The contribution of the change of surface 
tension to the free energy increase is, in this case, negligible in comparison with 
the effect of increasing surface area. The value of the right hand side of Equa- 
tion (1.8) or Equation (1.9) increases rapidly when the surface concentration 
becomes higher. From the experimental results reported by various authors’ ® 
it may be deduced that $2 varies between 50 and 125 dynes/cm for condensed 
adsorption layers of a great many surface active agents. It is, therefore, possi- 
ble that the contribution of Gibbs’ surface elasticity will be 2 to 3 times as large 
as the free energy change due to the increase of surface area, the value of y being 
in the order of 30-40 dynes/cm. 

The relative importance of Gibbs’ effect will be smaller when AS becomes 
very large. If the deformation of the foam lamella is confined to a small volume 
element of the film, e.g., at the place where rupture is about to occur, AS is of 
the same order of magnitude as S, the initial surface area of the volume element 
under consideration. 

The instantaneous increase of surface tension is now only of importance in 
the deformed film element and we may apply Equation (1.2) to this element 
while neglecting the minor changes occurring in the rest of the film. 
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Putting AS = S, Equation (1.2) can be reduced to: 
AF, = (vy + 2Ay) 


The instantaneous decrease of surface concentration will now be equal to half 
the initial value of I’; the corresponding rise in surface tension is dependent on 
the emnposition of the system’ but will, in general, never be far less than the 
value ol yo — ¥. 

't follows that the relative importance of Gibbs’ effect is now given by the 
roagnitude of the ratio: 2(yo — y)/yv. 

For very low values of the surface concentration this ratio will be smaller 
than 1; it increases with increasing surface concentration and will reach a maxi- 
mam velue of the order of 2 for most aqueous foams where the surface tension 
is cbout half as great as the surface tension of pure water. 

Our discussion of both extreme cases of surface deformation thus leads to the 
conclusion that, in all instances of practical interest, the contribution of the rise 
in surface tension to the free energy of deformation is of the same order of 
magnitude as the effect of increasing surface area if, at least, the rate of deforma- 
tion is much larger than the rate of attainment of equilibrium. 

Rapid deformations of foam lamellae are not necessarily caused by mech- 
anical disturbances but may also be due to a change of thermal equilibrium 
leading to a local temperature rise in the foam lamella. The surface tension of 
liquids generally decreases with increasing temperature and hence a local in- 
crease of temperature will be followed by a decrease of surface tension in the 
warmer portion of the film. Free energy might be gained when the surface 
area of this part of the film increases in relation to the surface of the colder sur- 
rounding part. The warmer part will, consequently, become thinner. This 
phenomenon, already known to Dupré*, was probably demonstrated for the 
first time by Plateau”, who was able to show that the warmth of a finger 
brought near to a very large soap bubble was sufficient to cause a diminution of 
thickness indicated by a change of color from yellow to green. 

It is generally recognized that liquid lamellae are more liable to rupture the 
smaller their thickness; a local temperature rise followed by thinning should, 
therefore, increase the probability of rupture. It is, however, evident that the 
ultimate degree of thinning will be dependent on the relative magnitudes of the 
local surface tension depression caused by the temperature difference and the 
rise of tension due to the increase of surface area of the warmer film element. 
The influence of a local temperature rise on the stability of foam lamellae will 
be discussed in more detail in Part V. 


1.3. DRAINAGE AND FOAM STABILITY 


All liquid foams are subject to drainage of the liquid from between the bub- 
bles due to the action of gravity. Drainage is accompanied by a progressive 
thinning of the lamellae and may, therefore, enhance the probability of film 
collapse. Brady and Ross" have developed a quantitative theory of foam 
stability based on a simplified picture of the foam structure. They assume that 
the rate of thinning due to drainage is the same for all lamellae and that rupture 
takes place instantaneously after a certain “critical” thickness has been 
reached. The total lifetime of a foam should then be proportional to the kine- 
matic viscosity of the liquid and to the initial height of the foam column if the 
foam is regarded as a series of vertical films. Although this relationship was 
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confirmed for the foams of some hydrocarbon oils the proposed theory is not 
generally valid. Its main fallacy is the assumption that every lamella ruptures 
immediately after attaining the critical thickness. It is wellknown from the 
experiments of Plateau and Dewar, for example, that thin liquid films are able 
to persist for very long times (depending upon the external circumstances) 
without any appreciable change of thickness, if the film is composed of a solution 
able to form stable foams. In these cases no unique relationship can exist be- 
tween the rate of thinning and the lifetime of a foam lamella. A critical thick- 
ness at which rapid collapse takes place may, however, exist in the case of films 
of pure liquids” and of solutions” that are not able to form stable foams. It 
will be shown in Part V that the spontaneous collapse of these films can be ex- 
plained perfectly by the interaction of the mutual attractive forces of the liquid 
molecules. The magnitude of these forces increases rapidly with decreasing 
film thickness, which explains the fact that sudden collapse takes place only 
after attainment of a certain critical thickness. 

In order to account for the arrest of drainage in stable films at a certain 
limiting thickness (which may be as low as 120 A) Gibbs supposed that the 
interior of these films, as well as the upper layer of a large volume of liquid, will 
behave as having a “gelatinous consistency’. The extremely large resistance 
towards deformation of the surface layer of foam-forming solutions was already 
known to Plateau who introduced the concept of “surface viscosity”. Al- 
though many theoretical and experimental investigations in the field of surface 
rheology have been reported since then", the influence of surface viscosity and 
surface yield value on the stability of foams has only recently been demon- 
strated'®, The effect of these properties is, probably, not only due to their 
influence on drainage in the very thin lamellae but also to the increased resist- 
ance towards rapid deformations of all lamellae in a foam. 

Drainage in thin films can also be retarded and even totally arrested as a 
result of double layer repulsion in the case of charged interfaces”. The im- 
portance of double layer interaction might, in principle, be deduced from the 
influence of the ionic strength on foam stability. The problem is, however, 
complicated by the fact that various parameters affecting foam stability (density 
of the adsorbed monolayer, rate of lowering of surface tension, surface viscosity) 
may all be dependent on the activity of electrolytes. A straightforward and 
unique relationship between foam stability and ionic strength is, therefore, in 
general not to be expected. The same is true for the relation between foam 
stability and surface potential. A detailed discussion of the mechanism and 
kinetics of film collapse will allow us, however, to estimate the importance of 
double layer interaction (Parts IV and V). 


1.4. FOAM DRAINAGE AND BUBBLE SHAPE 


The most stable shape of a single gas bubble surrounded by liquid is the 
sphere, having the smallest possible surface area for a given volume of gas. 
When a gas is dispersed in a liquid all bubbles will tend to attain the spherical 
shape. It is, therefore, necessary that the bubbles in a foam be polydispersed 
if the volume concentration of gas becomes higher than 74% and the spherical 
shape is to be conserved. Polydispersity promotes, however, instability of a 
foam because of the pressure differences existing between spherical bubbles of 
unequal size. Many persistent foams do not consist of spherical bubbles but 
contain very regularly built cells of polyhedral shape all of which may be of 
equal or nearly equal size. 
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Foam structure and bubble shape are independent of the method by which 
the foam is produced but are determined only by the concentration of gas in the 
foam. The influence of the gas concentration is illustrated by Figures 1.1 and 
1.2. The first picture (la) is a photomicrograph of a foamed oil-in-water 
emulsion. This emulsion was prepared by dispersing a mixture of 57 volumes 
of monochlorobenzene and 43 volumes of paraffin oil in 100 parts of a 0.18 molar 
solution of sodium laurate. The emulsion did not cream and its viscosity was 
11.0 centipoises at a rate of shear of 900 sec". The foam contained 7.5 volumes 
of liquid and 92.5 volumes of air. 

The foam was produced by whipping the emulsion by means of an ordinary, 
electrically driven, household beating apparatus. The foam bubbles are nearly 
perfectly spherical as is equally the case with the foam on picture 2a, which was 
produced by the same method from an emulsion of similar composition, but 


a) Time =0; magnification (linear) = 16. 


b) Time =15 min; magnification (linear) =16. 


Fie. 1.1.—Foamed oil-in-water emulsion. Concentration of air «92.5 vol %. 
Viscosity of liquid =11 cp, 
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magnification{ (linear) = 16. 


a) Time =0; 


b) Time =15 min; magnification (linear) =16. 


Fic. 1.2.—Foamed oil-in-water emulsion. Concentration of air =92.5 vol %. 
Viscosity of liquid =65 ep. 


having a volume concentration of 70% and consequently an appreciably higher 
viscosity viz. 65 centipoises (rate of shear 900 sec’). The air content of the 
foam was the same as in la (92.5 vol%). 

Pictures 1b and 2b show both foams 15 minutes after they had been pro- 
duced. 

Whereas the bubbles in foam 2 have changed only in size but have preserved 
their spherical shape, the morphological structure of foam 1 has totally changed. 
The rate of drainage in foam 1 was much larger than in foam 2: as a result, the 
liquid content of foam 1 has considerably decreased during 15 minutes and the 
lamellae have become planes meeting at angles of 120°. Since the original 
foam was polydisperse, the polyhedral air cells formed after drainage are also of 
unequal size. If, however, the original spherical bubbles are monodispersed 
(which may be accomplished, e.g., by pressing the air into the liquid through 
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narrow orifices of equal diameter), a very regular structure of equal-sized poly- 
hedral foam-cells is obtained. 

A peculiar feature of polyhedral foam structure is the strong curvature of 
the surfaces of a lamella at the edges where three bubbles meet. According to 
the fundamental equation of Laplace and Young the pressure in the liquid of 
these edges should be lower than in the liquid of the bubble walls. This pres- 
sure difference will be the cause, as was first pointed out by Plateau, of a suction 
exerted upon the liquid in the walls, by which the lamella thickness will be 
reduced. Hence in foams with polyhedral gas bubbles two different forces are 
active in effecting a progessive thinning of the lamellae, viz. gravitation and 
capillary suction. The effects of both forces may be additive in some parts of a 
lamella and opposite in other parts; the flow pattern in such a lameila is, there- 
fore, very complex as may be easily observed in a single, vertically placed liquid 
film. The edges contain a much larger volume of liquid than the thin walls 
between two bubbles (on photograph 1b the walls are totally invisible because 
of their thinness). It may be expected that foams with polyhedral gas bubbles 
will be more liable to film rupture : on the other hand, pressure differences across 
the lamellae will be much smaller because of the very slight curvature of the 
larger part of the bubble walls. The decrease of total interfacial area resulting 
from gas transfer between the bubbles has been investigated in foams containing 
spherical cells; the results are reported in Parts II and III. The process of film 
collapse, which is of overwhelming importance in polyhedral foams, will be 
examined in Parts IV and V. 


MN. GAS DIFFUSION IN FOAMS 


Pressure differences between foam bubbles of unequal size are the cause of 
gas transfer from small to larger bubbles. The rate at which the small bubbles 
decrease in size is calculated as a function of the radius of the bubbles, the sur- 
face tension of the liquid and the thickness and permeability of the liquid 
lamellae between the bubbles. The calculation is based on the assumption 
that the pressure difference between a small and an adjacent large bubble is 
dependent only, to a first approximation, on the radius of the smaller bubble. 

Values of the average lamella thickness calculated by means of the derived 
rate equation from the observed rate of shrinking of small bubbles in various 
foams, are of the right order of magnitude, if it is supposed that the permeability 
of the lamellae is determined by the solubility and the diffusion constant of the 
gas in the liquid. 

The rate equation enables the number of bubbles per unit volume of foam 
to be expressed as a function of time if the initial bubble size frequency dis- 
tribution is known. It is shown that the bubble size distribution function can 
be calculated from the bubble sizes observed in the plane of contact between the 
foam and the glass wall of acontainer. An experimental method of determining 
the number and sizes of the bubbles in this plane is described. 


2.1. 


Spontaneous decrease of the interfacial area between liquid and gas takes 
place in all liquid foams. The resistance towards this reduction of interfacial 
area may be regarded as a measure of the stability of the foam; measurements 
of the rate at which the decrease of interfacial area proceeds may thus provide a 
quantative evaluation of the foam stability. 


INTRODUCTION 
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It has already been mentioned in Part I of this series that two different 
processes are responsible for the changes in degree of dispersion of the gas bub- 
bles in a foam, viz. : 


a) diffusion of gas from high pressure regions to regions of lower pressure, 
which entails total disappearance of part of the gas bubbles. 

b) collapse of liquid lamellae and subsequent coalescence of adjacent gas 
bubbles. 


In the present and the following section the mechanism and kinetics of the 
first process will be discussed in connection with the results of experimental in- 
vestigations of various liquid foams. 


2.2 EXPERIMENTAL METHODS 


The foams were prepared by whipping 50 mls of the liquid in a container by 
means of an ordinary, household whipping apparatus equipped with an electric 
motor (Precision Scientific Co., Chicago). Whipping was executed with con- 
stant speed until the desired volume of gas (in most of the experiments air was 
used) was entrained. Immediately after whipping, a sample of the foam was 
poured into a small rectangular glass container, on one of the outer flat walls of 
which 16 squares were engraved each occupying an area of 0.0025 cm’. By 
four successive countings of the number of bubbles in four different squares the 
average total number of gas bubbles per unit area of cross section was deter- 
mined. The plane of contact between the flat wall and foam was observed with 
a microscope (magnification: 27 X). Determination of the total number of 
bubbles was repeated every second minute and, in this way, the degree of dis- 
persion of the gas bubbles could be assessed rapidly as a function of time. 

In many cases photomicrographs were also taken in order to determine the 
bubble size distribution in the cross section. Representative micrographs are 
reproduced in Figure 1.2 of Part I. Bubble size distribution functions were 
calculated by assuming the observed bubbles to be perfect spheres. 

In general the measured diameters will differ slightly from the true ones. 
The angle of contact between liquid and glass does not appear to have any in- 
fluence on the observed diameters since coating the inner glass wall with paraffin 
or replacing the glass by other materials like polymethyl methacrylate did not 
appreciably affect the results obtained. ‘he presence of the surface-active 
agent in the aqueous phase is evidently sufficient to assure complete wetting of 
the walls of the container. Disagreement between the real and observed values 
of the bubble diameters will be caused mainly by 


{a) distortion of the gas bubbles in the front layer next to the glass wall. 
As a result of hydrostatic pressure the bubbles in the front layer will be some- 
what flattened and their shape will, therefore, deviate from that of a perfect 
sphere. Because of this effect the observed diameters will be larger than the 
real diameters of equal-sized bubbles in the interior of the foam. 

(b) limited transparency of the liquid in the foam. In order to observe the 
real diameter of a sphere in the front layer light should be transmitted through 
the liquid between the bubble and the glass wall over a distance equal to the 
radius of the sphere. In the case of opaque liquids like oil or rubber emulsions 
this distance might be somewhat smaller; then the observed diameter is not 
that of the sphere but that of a cross section cut through the sphere by an 
imaginary plane parallel to the wall. As a result of this effect the observed 
diameters will be smaller than the real ones. 
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Distortion of the bubbles and limited transmission of light affect the dis- 
crepancy between real and observed values of the bubble diameters in opposite 
directions. The total effect has been assumed, therefore, to be negligible. The 
relationship between the bubble size distribution in the interior of the foam and 
the bubble size distribution in the front layer next to the wall of the container 
will be discussed in Section 2.6. 

Foam densities were determined by weighing a given volume of foam; the 
volume concentrations of dispersed gas were calculated from the densities of the 
foam and the liquid. 


2.3. PRESSURE DIFFERENCES AND DIFFUSION BETWEEN FOAM BUBBLES 


A most important consequence of the existence of free surface energy is the 
presence of a pressure difference across a curved liquid-gas interface. The 
pressure deficiency under a concavely curved meniscus gives rise to the well 
known capillary elevation of a liquid in a small tube. If the curved liquid 
surface fully encloses the volume of gas, as occurs with the bubbles in a foam, 
the pressure excess of the gas in the bubbles can be easily calculated from the 
curvature of the surface and the surface tension of the liquid’®. 

If y is the surface tension of the liquid and r the radius of the bubble, the 
pressure excess will be equal to: 


(2.1) 


It appears from Equation (2.1) that the pressure excess in a foam bubble is pro- 
portional to the surface tension of the liquid and inversely proportional to the 
radius if the bubble is a perfect sphere. In general, for any shape of bubble: 


ap = (2.2) 


T2 


where r; and rz are the principal radii of curvature of the bubble. 

The pressure in the bubbles of a foam may be calculated by means of Equa- 
tion (2.1) if the size of the globules is known. Since foams with spherical gas 
bubbles are nearly always polydisperse, the pressures in the different bubbles 
will not be the same and hence diffusion of gas takes place from regions of high 
pressure (small bubbles) to regions of lower pressure (large bubbles). The rate 
at which the diffusion proceeds will be proportional to the pressure difference 
and the permeability of the liquid film separating the bubbles of unequal size. 

All bubbles in the interior of a foam will either grow or become smaller and 
disappear depending on their diameter and the diameter of the bubbles in their 
environment. All bubbles in the top layer of a foam column which are adjacent 
to the atmosphere above the foam will shrink and disappear because of their 
pressure excess. 

In general, each large bubble is surrounded by a great many smaller ones 
that disappear as a result of the transfer of gas from the smaller bubbies to the 
large one. The pressure difference between the gas in a small bubble and that 


in the large one is equal to: 
1 1 


where r = radius of small bubble aud # = radius of large bubble. 
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R will be many times larger than r (e.g., 20 times as large) and 1/R may 
therefore be neglected in comparison with 1/r to a first approximation. The 
pressure difference causing diffusion is then equal to the pressure excess in the 
small bubble. The rate at which a small bubble in the foam shrinks and disap- 
pears is thus assumed to be dependent only on its own radius. 

The diffusion equation may be written as: 


where — dn/dt is the number of moles of gas passing per second through the 
film separating the bubbles and D the diffusion constant. 

A, the area of the film through which the gas diffuses will be approximately 
equal to the surface area of the small bubble, i.e. = 44 r?. (Figure 2.1.) 


Fie, 2.1.—Schematic representation of cross section through a foam. 


0c/dz is the concentration gradient of the gas in the liquid film which, assuming 
the diffusion to be in the stationary state, may be put equal to Ac/@, where 0 
is the average thickness of the liquid film and AC the difference in concentration 
across the film from z = 0 toz = 0 

According to Henry’s law the concentration difference is proportional to the 
pressure difference across the film, or: 


AC = S-Ap = 3.2 


if S is the solubility of the gas expressed in moles of gas per ml of liquid at a 
pressure of 1 dyne/cm’. 
From Equation (2.4) if follows that: 


~ 


(2.5 
dt 


The number of moles of gas in the small bubble may also be expressed as a 
function of the bubble radius. If the ideal gas law is obeyed. 


n (+ | (2.6) 
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where po is atmospheric pressure. The excess pressure in the bubble, 2y/r, is 
always very smal] compared with the atmospheric pressure and may be neg- 
lected in Equation (2.6). 

After inserting n from Equation (2.6) into the diffusion Equation (2.5) 
integration gives: 


(2.7) 


where ro = initial value of the bubble radius at ¢ = 0. It follows that a plot 
of r* against time should be a straight line, the slope of which is proportional 
to the diffusion constant and the solubility of the gas in the liquid, proportional 
to the surface tension and inversely proportional to the average thickness of the 
liquid films separating the small vanishing bubbles from the large ones. 

With the aid of Equation (2.7) it should be possible to calculate the number 
of bubbles in a foam disappearing per unit of time if the initial bubble size dis- 
tribution in the foam is known. Before proceeding to this calculation, however, 
it will be useful to consider critically the assumptions and approximations 
underlying the derivation of Equation (2.7). 


2.4 DISCUSSION OF THE MECHANISM OF GAS DIFFUSION IN FOAMS 


a) In the foregoing section it has been assumed that the transfer of gas from 
relatively small to larger foam bubbles is governed by the rate of steady state 
diffusion of the gas molecules in the liquid films between the bubbles and the 
solubility of the gas in the liquid. This assumption implies that the rate of 
dissolution of the gas at the interface of the small bubble and the rate of 
evaporation at the interface of the large bubble are very large compared with 
the rate of diffusion. 

If, however, the diffusion of gas molecules through the liquid membrane is 
not the rate-determining part of the permeation process, Equation (2.5) is no 
longer valid, because the concentrations of dissolved gas at the boundaries of 
the liquid film then are not equal to the equilibrium concentrations given by 
Henry’s law. 

Equation (2.4) may be rewritten as: 


(2.8) 


where P is defined as the permeability of the film. 
It has been shown!’-'* that, in general, in a stationary state of permeation: 


D-8 
1 + 2D/K® 


P (2.9) 


In the derivation of this equation the rate of passage through the boundary 
surfaces has been assumed to be: 


as = K(Co™ — Co) (2.10) 


\ 
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where Cp is the concentration of dissolved gas at z = 0, and Co is the equilib- 
rium concentration at z = 0 as given by Henry’s law: Co = S-p. 
It follows from Equation (2.9) that: 


P~D-S (2.11) 


if 2D/KO <1. 

In this case the rate of diffusion is much smaller than the rate of dissolution 
and hence Equation (2.5) will be valid to a high approximation. In the other 
extreme case: 2D/K® >> 1, Equation (2.9) may be written as: 


P~}K-S.0 (2.12) 
Equation (2.8) may then be reduced to: 


dn 
4A-K-S-Ap 


which means that the transfer of gas has become independent of the diffusion 
constant and the thickness of the liquid film. 

In our derivation, Equation (2.11) is used instead of the more complete 
expression for P, Equation (2.9). The inaccuracy resulting from this approxi- 
mation depends on the value of the factor 2D/K®. 

Since no reliable data on the value of K are known in this case, it is not 
possible to estimate the error introduced by using the approximate Equation 
(2.11). Its use should result in too high a value for P and consequently for 0. 
In Section 2.5 it will be shown, however, that the values for © calculated by 
means of Equation (2.7) are in general lower than the real ones from which it 
may be inferred that the correction for a finite rate of dissolution and evapora- 
tion is not very important. 

b) The pressure difference existing between a small bubble and a large one 
is equal to 2y (1/r — 1/R), Equation (2.3). 

The assumption that 1/R<1/r and that consequently the last term of 
Equation (2.3) may be neglected, introduces an error the magnitude of which 
can be estimated from the observed bubble size distributions of a great many 
foams. The determination of the bubble size distribution in various foams 
shows that in the foams _nvestigated, usually more than 30% of the bubbles 
have a radius smaller than 2.5-10-* cm whereas the largest bubbles have radii 
larger than 25-10-* cm. Should transfer of gas occur from a bubble with 
radius r to one with radius 10 r the calculated rate of diffusion according to 
Equation (2.5) would be 10% higher than the real value. Taking into account 
the measured bubble size distributions and the fact that the small vanishing 
bubbles will be preferentially situated in the neighborhood of much larger 
bubbles, a maximum deviation of 20% between real and calculated rate of 
bubble size change may be expected. 

c) The area through which the gas escapes from a small bubble and diffuses 
to a larger one has been taken equal to the surface area of the small bubble. 
This will be approximately true if a small bubble “loses’’ its enclosed volume of 
gas to more than one large bubble at the same time. If, however, transfer of 
gas takes place between two bubbles only, the “escape area’ will be smaller 
and approach the value of half the surface area of the small bubble. The 
latter case will, probably occur less often than the former one as may be inferred 
from the Figures 1.2a (in Part I) and 2.1. A quantitative estimation of this 
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correction has not been attempted but it might be accounted for by multiplying 
the theoretical rate of bubble size change (right-hand side of Equation (2.7) by 
a factor a where } <a <1. 

All corrections discussed tend to decrease the rate of change of bubble size. 
A calculation of the film thickness 0 from the observed rate of decrease in bub- 
ble size if D, S and y are known, will, therefore, be rather inaccurate but may 
nevertheless be expected to give values of the right order of magnitude. 


2.5. HXPERIMENTAL VERIFICATION OF THE DIFFUSION MECHANISM 


If the transfer of gas between the bubbles in a foam is really caused by the 
existing pressure differences, this diffusion should result in small bubbles be- 
coming smailer and large bubbles becoming larger. The rate at which the 


a b 
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Fig. 2.2—Square of bubble radius as a function of time. a) Foams of oil-in-water si Composi. 
tion of liquid phase: 57 vol of monochlorobenzene, 43 vol of paraffin oil, 43 vol of water (air content of 
foam: 92.5 vol %). A photomicrograph of this foam has been reproduced in Figure 1.2 of Part I. b) 
Foam of 60% Hevea rubber latex (air content of foam: 92.5 vol %). 


small bubbles become smaller and finally disappear is then given by Equation 
(2.7). The progressive disappearance of small bubbles will result in a decrease 
in the number of bubbles per unit volume of foam with time. A determination 
of the rate of change of bubble concentration should, in principle, allow us to 
calculate the rate at which the small foam bubbles disappear. 

Before showing how such a calculation may be accomplished, in the next 
section, some results will be given of an attempted direct experimental verifica- 
tion of the diffusion mechanism. 

The change in radius of various foam bubbles was followed by taking photo- 
micrographs of a given area of the plane of contact between the foam and the 
glass wall of the container. The foams investigated were prepared by whipping 
the desired volume of air into an oil-in-water emulsion or into a sample of 
Hevea rubber latex. The foams of these relatively viscous emulsions have a 
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very low rate of drainage and contain approximately spherical air bubbles at 
the densities investigated. From comparison of photomicrographs taken at 
different moments it could be shown that tae largest bubbles grow and the 
smaller bubbles decrease in size. Identification of some individual bubbles 
made it possible to follow the process of change in bubble size. In Figure 2.2 
data are plotted for the square of radius as a function of time. It appears that 
for both oil-in-water emulsion foam and Hevea latex foam this function is fairly 
well represented by a straight line. From the slope of the curve the average 
thickness of the liquid film surrounding the shrinking air bubble may be cal- 
culated by means of Equation (2.7). Taking the permeability P(= D-S) of 
water for air to be equal to 1.5-10-" mole em - - atm the value of would 
be equal to 4-10~ em for the oil emulsion foam and 1.6-10~* em for the latex 
foam. 

The assumption that the value of the permeability is equal to that of water 
introduces, of course, another inaccuracy. If the dispersed oil and rubber 
globules should be totally impermeable to air, the amount of permeated gas per 
unit of time should be equal, to a first approximation, to 30 and 40%, respec- 
tively, of the value for pure water (these figures being the volume concentration 
of water in the oil and the rubber emulsion). The dispersed particles are, how- 
ever, permeable to air: the value of P for rubber is about 4 times less than that 
for water’, the value for the oil mixture used in our experiments is not known 
but it may be even higher than that of water since the solubility of air in many 
organic liquids is larger than that in water. 

Taking P = 1.5-10-" mol cm™-sec~'-atm™ will, therefore, lead to incor- 
rect calculated values of ©; for the rubber latex foam the calculated value will 
be somewhat too high. The deviation in the case of the foamed oil-in-water 
emulsion cannot be predicted. 

The calculated value represents only the thickness of the liquid film around 
the particular identified bubble or the thickness of the film separating this bub- 
ble from the adjacent larger one into which the air diffuses. This value is in 
general not equal to the average thickness of all liquid films in the foam but 
may be expected to be of the same order of magnitude. The average thickness 
of all liquid films in the foam may be calculated from the average volume of the 
bubbles and the average surface area, since 


1 — = 40D (2.13) 


where N;, is the number of bubbles per unit volume of foam with volume »; and 
surface area 8;. 

Equation (2.13) may be written as: 1 — NV = 30-NS, where N = DN; 
and V and S are the average volume and the average surface area of the foam 
bubbles. After introducing ¢, the volume concentration of gas in the foam, the 
following expression is finally obtained: 


=2 1) v/s (2.14) 


The calculation of average bubble volume (4/3 r*) and average bubbel 
surface area (4rr*) from the observed diameters of the bubbles in the plane of 
contact between the foam and the wall of the container will be described in 
Section 2.6. For the oil emulsion and the rubber latex foam the value of the 
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average film thickness calculated according to Equation (2.14) is 6.6-10~ cm 
and 6.2-10~* cm, respectively. These values are appreciably larger than the 
values calculated from the measured rate of change in bubble size though they 
are of the same order of magnitude. Both values are relatively inaccurate; 
too much importance should not be attached, therefore, to the exact magnitude 
of the difference between the two calculated values. Yet it appears reasonable 
to conclude that the value of © calculated from the rate of bubble size change 
is certainly not too high. This means that it is not necessary to postulate the 
presence of a potential barrier against diffusion at the gas-liquid interface be- 
cause in that case the calculated thickness of the liquid film should be larger 
than the value given by Equation (2.14). 


10% cm’ 


time in seconds 


Fra. 2.3—Square of bubble radius as a function of time. Data derived from 
Clark and Blackman”, Figure 3. 


Clark and Blackman” have performed similar experiments with a number of 
foams. In order to explain the experimental results they derived an expression 
for the rate of change in bubbles size by assuming the pressure difference to be 
equal to: 


2y(1/r — 1/tm) 


where r», is constant over a certain time interval. The predicted dependence 
of the bubble diameter as a function of time was obeyed by a foamed solution of 
sodium isopropylnaphthalenesulfonate and hydrolyzed glue. In Figure 2.3 
some of their results are plotted according to our Equation (2.7). This equa- 
tion appears to give also a fair description of the experimental results. From 
the slope of the four straight lines a value of 14-10~ to 30-10~ cm can be cal- 
culated for the thickness of the liquid films in the foam, which may be com- 
pared with the value of about 10-10~ cm for the average film thickness calcu- 
lated from the observed approximate bubble size distribution. 

The effect of diffusion of gas from a single, isolated bubble on the decrease 
of bubble diameter has recently been reported by Brown, Thuman and 
McBain”. These authors determined the rate of decrease in bubble size by 
observation of single bubbles floating at the surface of detergent solutions. 
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Their data appeared to fit an r® versus time plot as demanded by theory. The 
slope of the plots was dependent on the composition of the detergent solution. 
The authors suggest that the dependence on composition is caused by the effect 
of the structure and coherence of the adsorbed detergent film at the gas-liquid 
interface on the permeability of the liquid bubble wall. The results might also 
be explained, however, by assuming the thickness of the liquid layer to be de- 
pendent on the composition. Unfortunately, the thickness of the bubble walls 
in these experiments is not known; application of Equation (2.7) to the case of 
a single bubble and insertion of the experimental results shows that the thickness 
© should have varied between 0.2-10~ cm and 2.2-10~ em if no specific effects 
of the surface structure exist. These extreme values have been taken from the 
data of Brown, Thuman, and McBain on solutions of various commercial de- 
tergents. 

The relation between the chemical composition of a detergent solution, its 
physical properties like surface tension, viscosity, etc. and the thickness of 
lamellae arising from such a solution is very incompletely known, which makes 
a definite explanation of the effect of composition of solution on the rate of 
change of bubble size not yet possible. 


2.6. THE DEGREE OF DISPERSION OF THE GASEOUS PHASE 


The total number of gas bubbles in a given volume of foam will gradually 
decrease as a result of the disappearance of the smallest bubbles. The time 
interval needed for total disappearance of a particular bubble is, according to 
Equation (2.7), dependent only on the initial radius ro of the bubble, the surface 
tension of the liquid, the permeability of the liquid film surrounding the bubble 
and the thickness of that film. It follows that the total number of bubbles per 
unit volume may be expressed as a function of time if the initial bubble size 
distribution in the foam and the thickness of the film surrounding each bubble 
are known. It will be assumed that all liquid films surrounding the small dis- 
appearing bubbles have the same average thickness ©. In that case the total 
number of bubbles N per unit volume of foam at a time ¢t = ¢, will be equal to 
the initial number No at the time ¢ = 0 diminished by the number of bubbles 
vanished during tye time-interval ¢,, i.e., the number of bubbles with initial 
radius equal to or smaller than p, where the relationship between p and ¢, is 


given by: 
( 4RT-D-S-¥ (2.15) 


This equation is derived from Equation (2.7) by putting ro = p andr = 0. 


If F(r) is the size frequency distribution function of the bubbles in the foam 
att = 0, 


Nig = No {1 (2.16) 


Integration of the initial bubble size frequency distribution function between 
-D-§. 4 
the limits r = p = (Ato ) andr = 0 will thus enable us to calculate 
0 
N as a function of ¢t with the aid of Equation (2.16). 
The distribution function F(r) must be determined from the observed radii 
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of the bubbles counted in a given area of the plane of contact between the foam 
and the wall of the container. All bubbles counted on the enlarged photo- 
micrographs were assigned to a number of groups according to their radii. 
From the number of bubbles in every size group and their mean radius, a fre- 
quency distribution may be computed. This function, however, does not 
represent the frequency distribution of the bubble sizes in an arbitrary volume 
of foam but only the size frequency distribution of the bubbles in the front layer 
of the foam next to the glass wall. 

In order to calculate the relationship between the two distribution functions 
let us consider the distribution of bubble sizes in any arbitrary plane cut 
through a volume of foam. If n is the total number of bubbles counted in one 
square cm of this plane and f(r) is their size frequency distribution function, the 
number of bubbles with radius between r and r + dr coming within reach of the 
plane per unit of area is equal to: nf(r)dr. It will be obvious that this number 
is proportional to the total number of bubbles with radius between r and r + dr 
per unit of volume multiplied by the diameter of these bubbles, or: 


nf (r)dr = C-2r-N-F(r)dr (2.17) 


where C is a proportionality constant. For an exact calculation of C the dis- 
tribution of the positions of the bubbles in the volume of foam should be speci- 
fied. If the bubbles are randomly distributed throughout the whole foam vol- 
ume, C will be equal to 1 for any plane cut through the foam. The relation 
between n and N is then found immediately by integrating Equation (2.17): 


n= av rF(r)dr = (2.18) 
0 


where # is the mean radius of all bubbles in the foam. 
In general for any value of C: 


n = 2CNF (2.19) 


The relationship between the two distribution functions can be derived by 
combination of Equations (2.17) and (2.19): 


f(r) = 1r/*-F(r) (2.20) 


The plane of contact between foam and glass is, however, not an arbitrary 
plane. The bubbles in the front layer next to the glass wall all have their 
centers lying at one side of the plane of contact only, whereas the bubbles in the 
interior of the foam which are within the reach of an arbitrary plane have their 
centers at either one or the other side of that plane. It has, nevertheless, been 
established by various authors” that the bubble size frequency distribution func- 
tion in the front layer is nearly the same as that in any other section of the foam. 
The distribution of bubble sizes in the front layer is, consequently, also given 
by Equation (2.20). The number of bubbles per unit area of the observed 
layer will be given by Equation (2.19) where C is smaller than 1, which means 
that the number of bubbles counted in 1 square em of the plane of contact will 
be less than the number present in a volume of foam numerically equal to twice 
the average radius of the bubbles. 
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Equation (2.20) may also be written as follows: 


fir) = P(r) (2.21) 
ry 


where i/ry is the average inverse radius of the bubbles in the front layer. 
Equation (2.21) is derived from Equations (2.17) and (2.19) and allows the 
distribution function F(r) to be calculated from the observed function f(r). 

The moments of F(r) can be directly derived from the observed radii in the 
front layer. Multiplication of both sides of Equation (2.21) by r (or r*) and 
subsequent integration from r = 0 tor = © gives: 


f f 


where 7; and r/’ are average radius and average square radius of the bubbles in 
the front layer. 

Average surface area and average volume of the foam bubbles may now be 
calculated from the experimental data by means of Equation (2.22). The 
expression for the average thickness of the liquid lamellae (Equation 2.14) 


becomes finally : 
2/1 /— 
==-(-- 2.2% 
5 (= 1) (2.23) 


Use of the above results will be made in the next part in order to interpret 
the experimental investigations of spontaneous foam destabilization. 


Ill. SPONTANEOUS FOAM DESTABILIZATION RESULTING 
FROM GAS DIFFUSION 


Bubble size frequency distribution in foamed Tee-pol solutions, oil-in-water 
emulsions and Hevea rubber latex have: been calculated from the observed 
bubble sizes in the plane of contact between the foam and the glass wall of the 
container. The bubble size distribution in these foams can be satisfactorily 
described by the same mathematical expression containing one adjustable 
parameter. 

Using this expression for the distribution function, a relation is derived 
between the total number of bubbles per unit area of the cross section and the 
age of the foam, assuming that the disappearance of the small bubbles is caused 
only by transfer of gas to larger bubbles. With the aid of the derived relation- 
ship the average thickness of the liquid lamellae in a number of foams is cal- 
culated from the observed rate of decrease in the number of bubbles in the front 
layer. 

The calculated values of the average film thickness are of the same order of 
magnitude as those calculated directly from the observed bubble size distribu- 
tion and the liquid content of the foam. Additional evidence of the proposed 
destabilization mechanism is obtained from experiments, in which the nature 
of the gaseous phase was varied and from comparison of the rate of decrease in 
the number of bubbles with the rate of shrinking of individual bubbles. 
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TABLE I 
OssERVED Busse Frequency Disrrisution In Various Foams 


Number of bubbles in each size group 


Hevea latex _—Oil-in-water emul- Solution of “Tee- 


Bubble radius in sion No. 5 pol” +Na alginate 


No. 4 

10 cm (¢ =0.8) (¢ =0.86) No. 1 (¢ =0.9) 
130 
227 


3.1. BUBBLE SIZE FREQUENCY DUSTRIBUTION IN 
VARIOUS FOAMS 


The size frequency distribution function of the bubbles in the foams ex- 
amined may be calculated from the microscopic measurement of a large rumber 
of bubbles in a randomly chosen area of the cross section as has been described 
in Part II. Photomicrographs were made two minutes after whipping of the 
liquid had been stopped. The observed bubbles were assumed to be perfect 
spheres and assigned to a number of size groups according to the value of their 
radii. Representative frequency distributions for various foams are given in 
Table I. 

In order to solve Equation (2.16), given in Part II, explicitly it is necessary 
to find an adequate mathematical expression for the distribution function. 
Several methods are available, in principle, to develop such an expression, 
e.g., Pearson’s method of fitting by moments”. 

One of the main objections against application of such a method in our case, 
however, is the relative inaccuracy of the values of the observed radii. Devi- 
ations from the spherical shape and limited sharpness of the outer contours of 


II 


CoMPARISON OF OBSERVED Busse S1zE FrReQquUENCY DISTRIBUTIONS IN 
DirFERENT Foams OF THE SAME ComposiTioN (Hevea Latex: ¢ = 0.94) 


Number of bubbles in 17.5-107? em? 
Latex foam No. 17 Latex foam No. 18 


Bubble radius in 
em 


1163 
25 — 37.5 152 
37.5- 50 60 175 . 
50 — 75 35 89 110 
75 —100 4 60 69 
100 —125 25.5 58 
125 6 50 
150 -175 - 2 25 
175 -200 21 
200 -225 5.5 
0- 25 220 211 
25- 50 64 50 
50- 75 35 43 
75-100 40 28 
100-125 34 35 
125-150 21 17 
150-175 ll 16 | 
175-200 5 8 
200-225 3 4.5 
225-250 2 
250-275 1 1 
275-300 l 
437 414.5 3 
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the bubbles on the photomicrograph may be the cause of substantial errors in 
the observed sizes, particularly in the case of the smallest bubbles. An example 
of the errors involved is shown in Table II where the values are compared of 
bubble sizes observed in equal areas of the front layer in different foams of the 
same composition. Determination of the total number of bubbles per unit area 
has, evidently, a higher experimental accuracy than determination of the bub- 
ble sizes. Experimental results of the determination of the number of bubbles 
as a function of time can be satisfactorily described by a very simple mathe- 
matical expression as will be shown in Section 3.3. This expression may be 
used in combination with Equation (2.16) to derive a bubble size frequency 
distribution function F(r) which should correspond to the observed distribution 
function f(r) in the front layer of the investigated foams. The empirical mathe- 
matical expression necessary to solve Equation (2.16) has thus been derived 
from the most accurate experiments, viz. the kinetic measurements. 

For the sake of logical continuity the mathematical expression for the bub- 
ble size frequency distribution function will be introduced in this section as an 
empirical relationship. With its aid a theoretical expression for the kinetics 
of the foam destabilization process under consideration will be derived in the 
next section, whereas finally in Section 3.3, the derived rate equation will be 
applied to the experimental results of the kinetic investigations. 

The mathematical expression for the bubble size frequency distribution 
function which appears to give an adequate description of the frequency dis- 
tribution observed in a large number of foams, is as follows: 


ow (3.1) 


"0 = 


where a is a parameter of the distribution function. 
According to Equation (2.21) (see Part II) the size frequency distribution 
function of the bubbles in the front layer should be: 


6ar? 


f(r) = + (3.2) 


The average radius *# may be expressed in a: 


Inserting the value of ¢ into Equation (3.2) results in: 


32a!r* 
2 3.4 
For comparison with the observed frequencies Equation (3.4) may be 
simplified by introduction of the reduced variable a'r. 
If u = a'r, 


32u? 
+ 


f(r)dr = du = f(u)du ; (3.5) 


2 
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After equating the observed number of bubbles with radii between the class 
limits r and r + dr to the number of bubbles with radius r + } dr the various 


averages ry ry’, etc. may be calculated. The value of a is found from the value 
of r/* with the aid of the following expression: 


— 


With this value of a the observed fraction of bubbles with radii between r 
and r + dr may be plotted against u + 4 du and compared with the calculated 
value of f(u)du. This has been done for a number of various foams in Figure 
3.1, where the drawn curve presents the function f(u). 


ni Hevea latex No. 4 X 

un; evea latex No. 
aun; 


Hevea latex No. 
Hevea latex No. 
1.0 Hevea latex No. 11 A 
Oil-in-water emulsion No. 4 
Oil-in-water emulsion No. 5 + 


0.5 1.0 25 2.0 2.5 urjau 3.0 


Fie. 3.1-——Comparison of proposed frequency distribution function 
32 u? 


x(1 + 


with observed bubble size frequencies in various foams. 


It is evident that the function f(u) and consequently f(r) gives a fair de- 
scription of the observed frequency distribution in the foams investigated. 
Some of the data agree better with the proposed equation than others, which is 
not surprising in view of the experimental inaccuracy and because of the fact 
that it is improbable that all foams investigated should possess exactly the 
same bubble size frequency distribution. 

If a large volume of gas has to be dispersed as spherical particles, space 
filling requirements will, of course, limit the number of possible size frequency 
distributions. Though the total number of possibilities may be infinitely large, 
it is not unjustified to assume that, apart from differences in detail, the general 
shape of many of the possible distribution functions will be the same. If the 
volume concentration of dispersed gas becomes very high the shape of the bub- 
bles will deviate appreciably from that of a sphere and the proposed distribution 
function will then be no longer valid. 

More information about the difference between calculated and observed 
values of the bubble size distribution can be obtained by application of the 
x? test™. 

The value of the quantity > (nm; — no)?/no, where n, is the observed and 


no the calculated number of bubbles in each size group and m the total number of 
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size groups is a measure of the degree of conformity between the observed and 
proposed frequency distribution function. 

For the oil-emulsion foam No. 4 and the rubber latex foam No. 4, for ex- 
ample, values were found which could occur between 10 and 50 times in 100 on 
pure chance, which indicates, accepting the 5% level of probability, that there 
is no reason to doubt the appropriateness of the theoretical distribution func- 
tion for these foams. 

For some of the other foams presented in Figure 3.1, the values of x? ap- 
peared to have a probability of occurrence less than 5%, which means that the 
proposed expression is certainly not the most probable distribution function for 
these foams. 


III 


CoMPARISON OF OBSERVED AND CALCULATED VALUES OF AVERAGE Raprvus 
AND AVERAGE CuBE Rapius oF Foam BuBBLES 


em em em* 
em? (Eq. 3.6) (Eq. 3.7) (observed) (Eq. 3.8) (observed) 


Hevea-latex No. 1 6.15 1.62 6.5 6.1 80 90 
Hevea latex No. 2 1.34 7.5 3.1 2.85 8.3 8.0 
Hevea latex No. 3 4.3 2.3 5.6 5.3 48 46 
Hevea latex No. 4 0.85 11.8 2.47 2.46 4.1 3.7 
Hevea latex No. 5 2.15 4.65 3.95 3.8 18 16 
Hevea latex No. 6 3.5 2.85 5.0 48 35 32.7 
Hevea latex No. 7 0.78 12.8 2.4 2.3 3.7 3.2 
Hevea latex No. 8 1.32 7.6 3.1 2.9 8.1 7.8 
Hevea latex No. 9 1.02 9.8 3.7 2.5 5.8 5.4 
Hevea latex No. 10 4.3 2.32 5.6 5.2 48.1 41.9 
Hevea latex No. 11 0.94 10.7 2.6 2.45 5.0 5.2 
Hevea latex No. 12 3.7 2.71 5.1 4.3 38.2 44.8 
Hevea latex No. 13 12.8 0.78 9.4 9.1 246 253 
Oil-in-water emulsion No. 1 9.5 1.04 8.3 7.8 162 140 
Oil-in-water emulsion No. 2 5.5 1.83 6.3 6.0 68 64 
Oil-in-water emulsion No. 3 3.64 2.75 5.12 5.18 37.2 31.1 
Oil-in-water emulsion No. 4 1.5 6.62 3.3 3.3 9.9 8.9 
T-pol + alginate No. 1 6.95 1.44 7.1 6.7 98.5 90.7 
T-pol + alginate No. 2 9.66 1.03 8.3 7.7 161.5 147.4 


Another test of the appropriateness of the proposed distribution function is 
shown in Table III where calculated and observed values of the average radius 
and the average cube of the radius are compared. 

The ‘‘theoretical” values have been calculated from the following expres- 
sions: 


32a! (** r 8 
32a! 16 
J (1 + ar?)* on (3.8) 


The value of a has been determined by means of Equation (3.6). 

Summarizing it may be concluded that, although the bubble size frequency 
distributions in different foams cannot be exactly described by one, generally 
valid, mathematical expression, the proposed Equation (3.1) may be considered 
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as a satisfactory approximation to the real frequency distribution observed in 
the foams investigated. 


3.2. KINETICS OF FOAM DESTABILIZATION CAUSED BY TRANSFER 
OF GAS BETWEEN THE BUBBLES 


In Part II it has been shown that the total number of bubbles per unit 
volume of foam will decrease with time as a result of the transfer of gas from 
the smaller to the larger bubbles, as expressed by the following relationship: 


Ni, = No {1 (2.16) 


_ (4RT-D-S-¥ 
p= ( t (2.15) 


where 


If now the bubble size frequency distribution obeys the function 


F(r) = + (3.1) 
Equation (2.16) can be reduced, after integration, to: 
No 


After insertion of Equation (2.15), the relationship being sought is found to 


be: 
No / (14 
po 


which may be written as: 
No 


N; = Ti + ke? (3.10) 
where k is given by: 
4RT-D-S-y-a 
k = 3.11 
(3.11) 


In order to check Equation (3.10) experimentally, it is necessary to replace 
the number of bubbles N per unit volume of foam by the observable number of 
bubbles n counted in unit area of the front layer. 

The relationship between n and ¢ can be found immediately if the following 
assumptions are made: 


(i) the bubble size distribution function is given by Equation (3.1) at any 
value of t, but the parameter a is a function of time; 

(ii) the factor C in Equation (2.19), which is characteristic of the deficiency 
of the number of bubbles in the front layer compared with the number 
of bubbles in an arbitrary plane cut through the foam, is independent 
of time. 
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The dependence of the distribution function on time is now derived from 
the condition that the total volume of gas must remain constant, or: 


since = 3/16a7!, as follows from Equation (3.1) 
From Equation (3.12): No = 4/m*- g-ao!, or in general: 


4 


Insertion of these values of NV into Equation (3.10) gives: 


ao 


a= (i + ky? (3.14) 


The dependence of a on time may now be used to determine the relationship 
between n and t. According to Equation (2.19): 


= 2C-N, Fe. 


After insertion of the values, given by Equations (3.3) and (3.10): 


nm, = 2C (3.15) 
Insertion of the value of a:, given by Equation (3.14), leads to: 
or: 
= (3.17) 
Equation (3.17) may also be written as follows: 
ne? = no + kt) (3.18) 


The inverse square root of the number of bubbles per unit area of the cross 
section, divided by the inverse square root of the number at ¢ = 0 will give a 
straight line if plotted against ¢. 

The slope of this line is given by Equation (3.11) and is a function of the 
physical parameters of the foam, viz.: permeability of the liquid for the gas, 
surface tension of the liquid, mean square radius of the bubbles at t = 0, and 
average thickness of the liquid lamellae. 

The value of the rate constant k, which may be properly considered as a 
measure of the foam stability with respect to gas diffusion, is proportional to 
a/Q, i.e., inversely proportional to the average volume of the bubbles in a foam 
at t = 0, if ¢ is kept constant as follows from Equations (2.14) and (3.1). 


aq 
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This result is of some practical importance. If a certain amount of gas has to 
be dispersed in a given volume of liquid, this might be done in two ways, viz.: 


I) by means of a very efficient whipping apparatus, which will produce a 
foam with large specific interfacial area, i.e., with many small bubbles, 
or: 

II) by dispersing the gas in a relatively poor manner which will result in a 
foam with many large bubbles. 


It is evident from the expression for & that foam I will be less stable than 
foam II as far as transfer of gas between the bubbles is concerned. Average 
bubble growth will be faster in foam I and both foams will, therefore, approach 
each other in the course of time with respect to average bubble size. 

In practice, foams of type II may be less stable with respect to film collapse 
because of the higher rate of drainage which may provoke rupture of the lamel- 
lae (see Part V). If, on the other hand, the rate of drainage is not very import- 
ant because of a high viscosity of the liquid, foams of type II will also be more 
stable with respect to film rupture since the average thickness of the lamellae 
will be larger than in foams of type I. 


3.3. EXPERIMENTAL INVESTIGATIONS OF THE KINETICS 
OF FOAM DESTABILIZATION 


Determination of the number of bubbles per unit area of the front layer as a 
function of time was performed as described in Section 2 of Part II. Three 
different liquids were used for preparing the foams, viz. 


a) preserved concentrated Hevea rubber latex to which various amounts 
of different detergents were added. 
b) an oil-in-water emulsion of the following composition : 
57 volumes of monochlorobenzene 
43 volumes of paraffin oil 
34-43 volumes of an aqueous sodium laurate solution (0.18 molar). 
(This emulsion does not cream since the density of the dispersed phase 
is slightly greater than 1). 


c) a 1% solution of Tee-pol (a commercial detergent supplied by Shell 
Chemical Co. and containing a mixture of sodium alkyl! sulfates). To 
this solution was added 1% sodium alginate in order to increase the 
viscosity up to about 50 centipoises. 


Because of the relatively high viscosity of these liquids the foams prepared 
therefrom do not show appreciable drainage during the first 30 minutes of their 
existence. Collapse of liquid lamellae did not occur in these foams during the 
measurements. Decrease of interfacial area was only caused by diffusion of 
gzs from small to larger bubbles. In foams with very high volume concentra- 
tions of dispersed air (~95%) some film clloapse may possibly have taken place 
but this could not be detected by ordinary visual means. 

In Figures 3.2, 3.3 and 3.4 some representative results of the kinetic meas- 
urements have been plotted as n~' against ¢. It follows from Equation (3.18) 


that: 
= no? + knot (3.19) 


From the slope of the lines drawn and the value of no the average thickness 
of the liquid lamellae in the foams investigated may be calculated by means of 
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10% em 


300 600 900 1200 
time in seconds 


Fie. 3.2—Inverse square root of the number of bubbles per unit of cross section 
as a function of time for various Hevea latex foams. 


O Latex foam No. 13; ¢ =0.957 
0.91 


. 8; ¢@=0.89 
@ Latex foam No. 11; ¢=0.81 


Equation (3.11). Table IV shows the results of this calculation for a number 
of foams. In the last column of this table the values are given of the average 
lamella thickness calculated from the observed bubble size distribution with 
the aid of Equation (2.23). 

It appears from this table that both theoretical and observed values of the 
average lamella thickness of most foams are between 1 and 10 microns. The 
agreement between theoretical and observed values is not perfect but may be 
considered very satisfactory, taking account of the various approximations 
introduced into the theory and the limited accuracy of the experimental values. 
The opinion of various authors” that diffusion of gas is appreciably retarded by 
the presence of the adsorbed layer of surface active molecules or ions at the 


7x10? em 


300 600 900 
time in seconds 
Fie. 3.3—Same as Figure 3.2 for a number of foamed oil-in-water emulsions. 
% Emulsion foam No. 7; ¢ =0.935 


@ Emulsion foam No. 1; ¢ =0.925 
X Emsulion foam No. 4; ¢ =0.86 
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interface, does not seem to be confirmed by our results. Some of the theoretical 
values of the average lamella thickness may, however, be too low due to the 
incorrectness ef the assumed bubble size distribution function which under- 
estimates somewhat the frequency of the smallest bubbles. Introduction of a 
more accurate distribution function will in some cases result in higher calcu- 
lated values of the average film thickness. It is, therefore, not impossible that 
the transfer of gas through the foam lamellae proceeds, in reality, slightly slower 
than is assumed in our theory. It appears justifiable to conclude from the 
results shown in Table IV however, that the effect of the adsorption layer is 
only small, if it exists at all. 


rT. 10’ cm 


| 


300 600 900 1200 


time in seconds 
Fra. 3.4—Same as Figure 3.2 and 3.3 for three foamed Tee-pol solutions. 


@ Tee-pol foam No. 2; ¢ =0.93 
O Tee-pol foam No. 4; ¢ =0.918 
X Tee-pol foam No. 1; ¢ =0.90 


From the experiments with the foamed oil-in-water emulsions Nos. 5 and 
6 the influence of the solubility and diffusion coefficient of the dispersed gas 
may be deduced. The value of the product D-S for oxygen in water at 20° C 
is equal to 2.9-10-" and for nitrogen: 1.32-10-" 
mole-cm™'-sec™- 

It follows from Equation (3.11) that: 


(D+) nitrogen = (3.20) 


ya 

Insertion of the experimentally determined values of k, @, a and y into 
Equation (3.20) leads to a value of 1.83 for the calculated ratio of the perme- 
abilities of water for oxygen and nitrogen, which is somewhat lower than the 
real value 2.17. 

That transfer of gas between the bubbles causes the sponteneous decrease of 
interfacial area in the foams investigated can also be demonstrated by compar- 
ing the rate of shrinking of an individual bubble with the observed rate of de- 
crease in the total number of bubbles. For the foamed oil-in-water emulsion 
No. 1 the rate of bubble size change has been measured for a number of bubbles 
as described in Section 5 of Part II. Comparison of Equations (2.7) and (3.11) 
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shows that: 


if the lamella thickness © around the observed bubbles is equal to the average 
film thickness in the foam. 

For this particular foam the value of k, calculated from three individual 
measurements (see Figure 2.2a of Part II) is equal to 1.3-10~* sec, whereas the 
experimental value (see Table IV) is equal to 1.0-10~* sec. 

The agreement appears fair enough to conclude that k is indeed a measure of 
the resistance towards spontaneous foam destabilization caused by the perme- 
ability of the foam lamellae and not by any other mechanism such as film 
rupture for example. 


3.4. CONCLUSION 


It has been shown in this part that the simple experimental technique of 
counting the number of foam bubbles per unit area of the cross section as a 
function of time may be used for evaluating foam stability if no rupture of the 
foam lamellae occurs. In these circumstances foam destabilization is a result 
of the diffusion of gas from smaller to larger bubbles. The (approximate) 
theory developed in Section 6 of Part II enables the rate of foam destabilization 
to be expressed by the physical parameters of the foam. The rate constant is 
proportional to the permeability of the liquid for the gas, the surface tension 
of the liquid and inversely proportional to the average thickness of the liquid 
films. 

Moreover, the expression for the rate constant contains a parameter char- 
acteristic of the initial bubble size distribution. 

After expressing the initial bubble size distribution in a mathematical form, 
the theory has been applied with good results to measurements of the stability 
of various foams. 

Application of the theory not only permits a quantitative evaluation of 
foam stability with respect to transfer of gas between the bubbles, but may also 
be useful in explaining the effect of different variables on the stability of foams. 
It should be possible for example, with the aid of the theory, to decide if the 
effect of a particular variable (kind of detergent, concentration of detergent) 
on the foam stability is caused by its influence on the average lamella thickness, 
on the bubble size distribution, on the permeability, or merely by its influence 
on the surface tension of the liquid. Investigations along these lines might 
provide valuable information about the relationship between the composition 
of a foam and its stability towards gas transfer. 


IV. KINETICS AND ACTIVATION ENERGY 
OF FILM RUPTURE 


High-speed cinematography of collapsing lamellae of an aqueous Tee-pol 
solution reveals that spontaneous rupture always takes place in the thinnest 
part of the lamella. The rate of hole expansion is dependent on the thickness 
of the lamella; its value is found to be in the order of some hundreds of cms per 
second. Dupré’s assumption that the released surface energy will be com- 
pletely converted into kinetic energy of the liquid appears to be essentially 
correct. Film rupture in a foamed aqueous solution of ammonium oleate is 
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shown to proceed at a rate which is at least of the same order of magnitude as 
that in the isolated lamellae. 

Deformation of a foam lamella occurs locally when a hole is about to be 
formed. The deformation and the very first beginning of hole expansion re- 
quire an energy of activation which is calculated with the aid of a geometrical 
model. The energy is more than 1000 kT units in a “black” film of an aqueous 
soap solution. This amount of energy has to be supplied in order to increase 
the interfacial area. The activation energy is proportional to the square of the 
film thickness and its value is hardly influenced by the mangitude of the electric 
double-layer interaction. 

The formation and relative stability of “black spots” in films of much larger 
thickness than the spot itself is shown to be the result of an equilibrium, existing 
at a thickness between 100 and 150 A, of the three forces coming into play: 
London-Van der Waals attraction, double-layer repulsion and surface tension. 


4.1. INTRODUCTION 


In the foregoing sections one spontaneous process of foam destabilization 
has been discussed, viz.: the decrease of interfacial area caused by the transfer 
of gas between bubbles of different sizes. In this and the following paper the 
second physical process responsible for the spontaneous decrease of interfacial 
area in many foams, i.e., the collapse of bubble walls, will be investigated. 

If a liquid film separating two bubbles in a foam collapses, the bubbles will 
unite and form one larger bubble, consequently film collapse will be accompanied 
by a decrease in the total number of bubbles per unit volume of foam. How- 
ever, in most foams the probability of collapse is not the same for all liquid 
lamellae. As will be shown in Section 4.3, the probability of collapse is larger 
the smaller the thickness of the lamella and hence the bubble walls in the top 
layer of a foam will be more liable to rupture than other lamellae because of their 
smaller thickness as a result of drainage under the influence of gravitation. 
Observation of the process of film collapse in a randomly chosen volume of a 
foam will not yield, therefore, representative information on the rate of decrease 
in the number of bubbles in other parts of the foam. Nevertheless, it may be 
assumed, that if a foam lamella collapses the process of rupture will be inde- 
pendent of the position of the lamella, i.e., the mechanism and rate of rupture 
will be essentially the same for all collapsing films in a foam though the moment 
at which rupture starts may be different for different lamellae. 

Because of the extremely high rate of rupture phenomena a quantitative 
evaluation of the mechanism of such processes is only possible by means of 
high speed experimental techniques. High speed cinematography of collaps- 
ing foams with the aid of the available apparatus (a camera with a maximum 
speed of 3000 frames per second) did not, however, provide the information 
desired. Yet this experimental technique proved to be successful for the 
study of the rupture process in single, isolated liquid lamellae. There is no 
reason to suppose that the mechanism of rupture in single liquid films will be 
different from the similar phenomenon in foam lamellae of the same composi- 
tion. In the following section the experimental results of the study of single 
liquid films will be discussed whereas finally their relationship with the problem 
of foam stability will be considered. 

It may be noted that rupture of liquid lamellae and subsequent coalescence 
of colloidal particles originally separated by those lamellae is a process not con- 
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fined to foams but occurring as well in other colloidal systems, notably emul- 
sions”®, 

It might therefore be expected that a study of this rupture process will also 
throw some light upon the questions, not yet solved, regarding the mechanism 
of coalescence in aggregates of emulsion particles. 


4.2. RESULTS OF CINEMATOGRAPHIC OBSERVATIONS 
AT HIGH SPEEDS 


The liquid lamellae were prepared by immersion of a circular or rectangular 
frame into a soap solution. The frames were made of glass or of stainless steel 
wire. After lifting such a frame slowly from the solution, a liquid lamina is 
formed within the frame. These lamellae have, evidently, two liquid-air 
interfaces the area of each being 10-20 cm* depending upon the fame used. 
The lifetime of the lamellae is limited and dependent on various conditions. 
Rupture and subsequent breakdown were observed by means of an Eastman High 


Fic. 4.1—Seq of images taken from a high film of \_~—a"~ rupture in a lamella of a 
Tee-pol solution. (Diagrammatic representation). ime interval between two images equal to 17007 
sec. Hole formation takes place in the top of the lamella. 


Speed camera and 16 mm Kodak Super-XX High Speed Panchromatic Films. 
These experiments have been executed with the equipment of the ‘‘Werkgroep 
voor Spannings- en Trillingsonderzoek, T.N.O.” at Delft. 

Illimination of the object was provided by a carbon-are lamp. The length 
of the films used was 100 feet; the speed of the film in the camera attains a value 
of 2500-3000 frames per second after about two thirds of the length of the film 
has been exposed. This means that observation at such high speeds is only 
possible during the short period (less than one second) of exposure of the last 30 
feet of the film. The existence of these very narrow limits of the time of obser- 
vation is, of course, a serious drawback to this experimental method when the 
application concerns a spontaneously occurring process. The liquid lamellae 
prepared from an aqueous solution of 1% ‘‘Tee-Pol” and 1% sodium alginate 
(the last component had been added in order to increase the viscosity of the 
solution) had a life of 40-50 seconds under the conditions of the experiment. 
This means that the variations of the observed values of the lifetime are larger 
than the total time of exposure of the high speed film. It is, therefore, impossi- 
ible to predict the moment of rupture with an inaccuracy of less than 1 second 
as should be necessary for one to be sure that rupture occurs at maximum speed 
of the film. Nevertheless some films of the spontaneous rupture of liquid lamel- 
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lae have been made: Figure 4.1 gives a schematic representation of a sequence 
of 8 images taken from a high speed film of the rupture of a circular lamella. 
The speed of the film during rupture of the liquid was 1700 frames per second. 
Rupture occurred about 45 seconds after formation of the lamella. During the 
lifetime of the lamella a gradual thinning took place as a result of drainage. 
The wire frame containing the lamella was held in a vertical position and con- 
sequently the thickness of the lamella was the smallest at the top. The thick- 
ness may be estimated from the color shown by the liquid film; the upper half 
of the circular lamellae investigated very shortly after formation showed differ- 
ent interference colors arranged in such an order that the colors corresponding 
to the thinner portions of the film were in general the nearest to the top. The 
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Fie. 4.2—Rate of hole expansion after spontaneous rupture in lamellae of a Tee-pol solution. 


Speed of film: 1700 frames/sec. 
. Speed of film: 920 frames/sec. 


boundaries between the colored striations were not formed by perfectly straight 
horizontal lines but by sinuous curves bent downwards at the borders of the 
film, indicating the presence of internal flow of the liquid in other directions 
than merely the vertical. Ata certain moment “black spots’ begin to form in 
the thinnest part of the film near the top. The surface area occupied by these 
black spots grows very rapidly until the lamella suddenly ruptures. In all 
experiments rupture took place near the top of the lamella, i.e., in the “black”’ 
part of the film, as shown in Figure 4.1. The exact value of the thickness of 
this part of the film has not been determined but, in any case, it will be smaller 
than 1000 A as has been established by many investigations of “black films’’*. 
From the values reported in the literature, determined either by optical or by 
electrical measurements it may be inferred that the thickness of “black films” 
prepared from soap solutions ranges from about 120 A to 500 A. 

Even if the mean thickness of the black part of the lamellae investigated 
had been determined, the exact value of the thickness at the spot where rupture 
starts would still be unkown because the first image of the high speed film after 
the onset of rupture showed in all cases a hole in the lamella which occupied an 
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area at least as large as the total area of the “black spot’ (~ 1 cm’). It was, 
therefore, impossible to localize the beginning of rupture exactly : the cinemato- 
graphic observation permits one to conclude only that rupture starts somewhere 
in the thinnest, viz., the “‘black’’, part of the lamella. 

An approximate value of the rate of rupture, i.e., the speed with which the 
hole in the film expands may be deduced from Figure 4.2 where the perpendicu- 
lar distance of the border line of the hole from the top of the wire frame has 
been plotted as a function of time. The results of two determinations (one at 
a speed of 1700 frames per second, the other at 920 frames per second) are 
fairly well represented by a rectilinear plot. The rate of expansion of the hole 
calculated from the slope is 680 cm/sec. After having established that spon- 
taneous rupture always starts in the thinnest part of the liquid, a second kind of 
experiment has been carried out in which rupture was provoked by means of an 
electric discharge. In this experiment the lamella was placed between the 
poles of a Ruhmkorff coil. The spark passed through the center of the lamella 


Fie. 4.3.—Sequence of images taken from a high speed film of a collapsing lamella of a Tee-pol solution. 
Induced hole formation in the center of the lamella by means of an electric discharge. Time interval be- 
tween two images equal to 1408! sec except between pictures 2 and 3 where the interval is half as long. 


and caused an immediate rupture of the liquid. The electric cricuit comprising 
the coil was closed automatically by an interrupter attached to the camera; this 
device permitted one to “trigger’’ the rupture of the lamella at the moment at 
which the film in the camera had attained its maximum speed. Some pictures 
are reproduced in Figure 4.3 taken at a speed of 2815f/sec. The rectangular 
frame containing the lamella was made of glass and had a surface area of 16 cm?. 
The dark patches at the corners of the frame and along its lower side are a result 
of the uneven illuraination of the surface of the lamella which was not absolutely 
plane but showed an appreciable curvature. Since only one source of illumina- 
tion was used the presence of shadows on the surface was inevitable. 

Figure 4.3 shows clearly that the hole formed by the spark discharge is 
circularly shaped. During the expansion the hole remains circular, its diameter 
being a linear function of time. From the plot in Figure 4.4 it may be deduced 
that the rate of increase of the radius of the hole is equal to 355 cm/sec. 

Dupré’ calculated the speed with which a hole in a liquid film expands, 
assuming that the surface energy released is completely converted into kinetic 
energy of the liquid. In this case the following equation holds: 
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where y = surface tension of the liquid, 2S = total surface of the liquid re- 
placed by the hole, ¢ = thickness of the film, d = density, and v = rate of 
expansion of the hole. 
It follows that: 
v = (4y/td)! (4.1) 


Inserting the values of the surface tension (30 dynes/cm) and of the density 
(1 g/cm*) the relationship between rate of expansion and thickness of the lamella 
becomes for the experiments described: v? = 120/t, if v is expressed in cm/sec 
and ¢ in cm. 

According to this relation the average thickness of the rupturing lamellae 
in the first experiments (spontaneous rupture) should have been 2.5 microns, in 
the last experiment (rupture by means of electric discharge): 9.5 microns. 
These values seem to be of the right order of magnitude though they are not 
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Fic. 4.4 Rate of hole expansion in a lamella ruptured by an electric discharge. 


known exactly. In both cases the greatest part of the lamella was uncolored 
which proves that the thickness was at least 1 micron. The thickness of the 
lamella ruptured by means of a spark was larger than those of the spontane- 
ously ruptured films because drainage had proceeded to a lesser degree at the 
moment of rupture. Probably the initial thickness of that lamella was also 
somewhat larger because the relatively thick glass frame will entrain more 
liquid than the steel wire frames used in the investigations of spontaneous 
rupture. 

The experimental values of the rate of expansion of the hole show that prob- 
ably a very great part of the released surface energy will be converted into 
kinetic energy of the liquid and that Dupré’s equation is, therefore, essentially 
correct. The energy dissipated in overcoming the frictional resistance of the 
liquid appears to be negligible in comparison with the kinetic energy of the 
liquid as might be expected at these speeds. The rate of expansion of the hole 
should therefore be independent of the viscosity of the liquid in this case. 
Density and surface tension will, in general, not be very different for various 
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lamella-forming liquids; hence the thickness of the liquid film will be the most 
important factor in determining the rate of rupture once a hole has been formed. 
This does not explain, however, the fact that hole formation itself preferentially 
takes place in the thinnest part of a lamella. The energetics of the hole forma- 
tion process will be discussed in the next section. 

Film rupture in a real foam has also been studied with the high speed camera. 
In this case it was not possible, however, to determine the rate of hole expansion 
as has been done for single lamellae. The presence of many curved liquid 
surfaces all of which are differently orientated gives rise to disturbing optical 
effects when the foam is illuminated, in particular during the rupture of one of 
the lamellae because such a rupture provokes rapid movements and changes in 
orientation of the adjacent lamellae. These rapid local agitations following the 
rupture of a lamella had a duration from 10~* to 10~ seconds in a foamed aque- 
ous solution of 10% ammonium oleate. It may be deduced that the rate of 
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Fre. 4.5—lIncrease of interfacial area of a rupturing lamella. thinning before 
hole has been formed. ---—-——— expansion of hole. 


hole expansion in these foam lamellae was at least of the same order of magnitude 
as the speed with which rupture proceeds in single liquid films. The formation 
of a hole is, evidently, dependent on local conditions (which will be time- 
dependent) in the lamellae because rupture took place in different parts of the 
rectangular foam layer (area: 27 X 20cm). It is possible that the rupture of a 
lamella entails sometimes the immediate rupture of an adjacent one, but it 
appears probable from the observations at high speed that most ruptures are 
completely independent of each other. It is, therefore, justified to base a dis- 
cussion of film rupture in foams on model considerations applied to isolated 
liquid lamellae. 


4.3. ACTIVATION ENERGY OF FILM RUPTURE 


After a hole has been formed in a liquid lamella, either spontaneously or by 
any external cause, rapid expansion of that hole will take place because of the 
considerable amount of surface free energy released as a result of the disappear- 
ance of the film. Nevertheless liquid films may persist for very long times, in 
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particular if they are kept in closed vessels and protected from external disturb- 
ances. It is obvious, therefore, that the formation of a hole requires a certain 
energy of activation. 

A closer examination of the rupture process even reveals that the formation 
of a hole not only requires energy, but also that the expansion of the hole is 
accompanied, initially at least, by an increase of free energy. 

In Figure 4.5 the total area of the liquid-air interface of a lamella has been 
plotted as a function of the radius of the hole. It has been assumed that the 
inner surface of the hole remains curved during expansion (radius of curvature 
equal to half the thickness of the lamella). The increase of interfacial area 
upon expansion of the hole is then equal to (see Figure 4.5 inset A): 


t t 2 
AS = 2 dy — (4.2) 
2 2 


where ¢ = thickness of the lamella, a = radius of the hole at a depth t/2 
(1 — sin ¢g), and r = smallest radius of the hole (yg = 0). 
It follows from Equation (4.2) that: 


= 4 t \? 
A: ont (1 +5 - +5) 


ca) 


The thickness of the lamella will be a function of the radius of the hole if the 
volume of liquid is kept constant, but as long as the area of the hole is small 
in comparison with the surface of the lamella the increase of thickness may be 
neglected. 

It appears that at the beginning of expansion the total interfacial area in- 
creases because the first term in the right hand side of Equation (4.2), i.e., the 
increase of the inner surface of the hole, is larger than the second term which 
represents the decrease in area of the plane surface of the film. The maximum 
increase of interfacial area is attained for r = (r/4 — 4) ¢ and is equal to 0.73 
@. The activation energy, which has to be supplied in order to expand the hole, 
is proportional to the square of the film thickness: 


Bact. = = 0.73-@-¥ (4.4) 


where AF*,.x is the maximum increase of free surface energy. 

Equation (4.4) shows that for a very thin “black’’ film of an aqueous soap 
solution (y = 30 — 40 dynes/cm, t = 150 A) the activation energy has already 
a value of the order of 5-10~" ergs., i.e., about 1300 k7-units at room tempera- 
ture. The increase of interfacial area upon expansion of a hole is, evidently, 
sufficient to explain the relative stability of these films. Lamellae of pure 
liquids will, under the influence of gravitation or other forces, attain much 
smaller thicknesses and the activation energy may then become too small to 
provide a potential barrier against rupture. Many authors*® have assumed 
that the persistence of liquid films, containing one or more surface active com- 
ponents, is caused by the fact that deformation and, consequently, increase of 
the interfacial area of these films is accompanied by a local increase of surface 
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tension which counteracts the deformation leading to rupture. The import- 
ance of this property, the so-called “‘surface elasticity”, for the stability against 
rupture has already been discussed in Part I and will be considered in more de- 
tail in Part V. It may be noted here, however, that a local increase of surface 
tension has not much influence on the value of the activation energy as given by 
Equation (4.4). In an aqueous soap solution, for example, the surface tension 
may rise locally, as a result of extension of the surface and subsequent disturb- 
ance of the adsorption equilibrium, to a value that is at most twice the original 
one (the surface tension of pure water being about 73 dynes/em). Even if 
surface elasticity is totally absent, the difference in limiting thickness between 
films of a pure liquid and films containing at least one surface active component 
explains sufficiently the relative stability of the latter. In general, it may be 
stated that the exact value of the surface tension is of no great importance for 
the stability of the film against rupture because of its slight influence on the 
activation energy. More important is the value of the film thickness, which 
enters as a second power into the expression for the activation energy. It fol- 
lows that the probability of rupture is greater the smaller the thickness of the 
film. 

Hitherto the discussion has been limited to the increase of free surface energy 
required by the expansion of a hole in a liquid film. The calculation of the 
activation energy was straightforward because the mechanism of expansion is 
simple and perfectly known. On the other hand the very first beginning of 
rupture, i.e., the spontaneous formation of a hole, is a very complex and totally 
unknown process, on which no experimental information is available. Never- 
theless some assumptions may be made which permit a rough estimate of the 
energies involved. It will be supposed that the film, before its ultimate rup- 
ture, will thin locally over a circular surface, the diameter of which initially is 
equal to or larger than the thickness of thefilm. During the progressive thinning 
of this very small portion of the film the radius of curvature is assumed to re- 
main equal to half the thickness of the film (see Figure 4.5, inset B). The in- 
crease of interfacial area is then a function of the initial thickness of the film and 
of the degree of thinning: 


4 


re sin @/¢ 
t t d\?\? t\? 
where d = thickness of the thin portion of the film, and 2r + ¢ = initial diam- 
eter of this portion (see Figure 4.6, inset) or: 


as = (aren?) /5 | we (1 
2" (r +4) (4.6) 


r = 0 if the initial diameter of the thin section is equal to the film thickness as 


has been supposed in calculating the dotted curve in Figure 4.5. The complete 
curve in this figure (dotted + drawn) thus presents the change in interfacial 
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area which accompanies the formation of a hole and the beginning of its expan- 
sion. It is equally possible that the initial surface area of the thinning portion 
of the film will be larger than supposed in drawing Figure 4.5. It has been ob- 
served by various authors” that very thin portions may occur in liquid lamellae, 
the so-called “black spots’, which are extended over a considerable area. In 
the second section of this part the formation of these spots near the top of a 
vertically held film has been described. They may also occur in the center of 
a lamella, e.g., under the influence of a centrifugal force as has been demon- 
strated by Hagenbach” or by application of a temperature gradient (see Section 
5 of Part V). The most remarkable fact about these “black spots’’ is their per- 
sistance in a film of much greater thickness than the spot itself and the existence 
of a sharp boundary between the spot and the surrounding liquid. Yet the 
formation of such a thin patch in a liquid film will require an important amount 


4=0.05 
d=0.1t 


0.2¢ 0.6tr 


Fie. 4.6.—Increase of interfacial area as a function of the degree of 
extension of a local thin section in a lamella. 


of free surface energy as is shown in Figure 4.6, where the increase of interfacial 
area has been plotted as a function of the extension of the thinner portion of 
the film. The increase will be larger the smaller the thickness of this portion. 
It is evident from a comparison of Figures 4.5 and 4.6 that the formation of a 
“black spot” in a film of given thickness t may require a much larger amount of 
free surface energy than the rupture of the same film. If only surface energy 
had to be supplied, rupture of the film would be more probable than the forma- 
tion of a “black spot’”’. 

It has been proposed to account for the resistance of a liquid film to thinning 
by assuming a strong electric double layer repulsion between the two surfaces 
of the film"*°. Such a repulsion should, evidently prevent the film from attain- 
ing very low values of thickness and might be the reason why any energy avail- 
able will be dissipated in extending a thin portion of the film rather than in 
reducing its thickness still further. Deryagin and Titievskaya™ have reported 
some experimentally determined values of the pressure which is needed for 
decreasing the thickness of a liquid film between two gas bubbles in aqueous 
solutions of undecylic acid and sodium oleate. The pressure increases with 
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decreasing thickness and may be decreased by the addition of electrolytes to 
the solution. When the concentration of electrolyte (NaCl) was raised to 0.01 
N, the film in a sodium oleate solution attained a limiting thickness of ~120 A 
which was independent of the pressure applied in the range from 300 to 2500 
dynes/cm?. A similar influence of the electrolyte concentration has already 
been observed by Reinold and Riicker* who found that the limiting thickness 
of “black” films of sodium oleate solutions is decreased by the addition of po- 
tassium nitrate; the smallest thickness observed was also equal to about 120 A. 

The theory of electric double-layer repulsion applied by Deryagin in order 
to explain his experimental observations enables him to describe the measure- 
ments in solutions of undecylic acid at various concentrations; the calculated 
interfacial potentials range from 50-80 millivolts. The theory does not ex- 
plain, however, the occurrence of a limiting thickness after the addition of at 
least 0.01 N-sodium chloride to the solution of sodium oleate. Even for an 
infinitely high interfacial potential, the applied pressures should be sufficient 
to decrease the film thickness to lower values than those observed. The ex- 
periments might be explained, according to Deryagin, by assuming that the 
limiting thickness is due to the presence of polymolecular hydrate layers which 
are built up on the sodium oleate adsorption monolayers at the interface. The 
existence of solvate layers having such a considerable thickness (~60 A) has, 
however, never been proven. 

The work of Deryagin and his collaborators appears thus to confirm the 
notion that electric double-layer repulsion may be important in determining the 
limiting thickness of liquid films. Since the probability of rupture will be 
larger the smaller the thickness of the film, the interfacial potential and the 
ionic strength of the liquid may be parameters of some interest for the strength 
of liquid films and consequently for the stability of foams. For the rupture 
process itself the magnitude of double-layer interaction appears, however, too 
small to supply an important contribution to the activation energy of rupture, 
as may be shown by the following considerations. If we suppose the interfacial 
potential to be as high as 250 mV (in general this value will be lower in actual 
conditions) the potential energy due to double-layer repulsion will have a value 
of 5-10 ergs/cm*, depending upon the electrolyte concentration, when the two 
charged surfaces have approached to a distance of 10 A®. If we consider now 
a very thin ‘‘black” film (¢ = 120 A) the surfaces of which locally approach to 
a distance of 10 A and we assume that the radius of the circular area of this thin 
section is also equal to 10 A, the increase of interfacial energy due to the de- 
formation of the surfaces will be given by Equation (4.6) and may be deduced 
from Figure 4.6. For this particalar case the energy appears to be equal to 
42-7 ergs (¢ expressed in cms, y in dynes/em), i.e., 2.5-10-" ergs (~625 kT- 
units) if the value of the surface tension is equal to 35 dynes/cm. 

The potential energy increase resulting from the double-layer interaction 
between the two approaching surfaces each having an area of x- 107" cm’, will 
be no more than 3.10" ergs (~7 &T-units) which may be neglected in compari- 
son with the increase of interfacial energy. The contribution of the double- 
layer interaction will gain in importance the larger the surface area of the thin 
section and its value may even surpass that of the interfacial energy increase 
when the area of the approaching surfaces becomes very large as in the case of a 
“black spot” for instance. For a disc-shaped thin spot of diameter 10~* cm in 
a film, the thickness of which is equal to 1.5-10-*° em, the increase of interfacial 
energy will have a value of about 0.8-10~5 ergs if the thickness of the “black 
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spot’’ is equal to 150 A. The potential energy due to the double-layer inter- 
action will now be of the same order of magnitude in actual eases where the 
interfacial potential may be assumed to range from 100 to 150 mV. Thesurface 
area of a ‘‘black spot” may attain still larger values (of the order of 1 cm?) and 
in those cases the increase of interfacial energy will be negligible in comparison 
with the potential energy of the double-layer interaction. We might, there- 
fore, expect that the interaction between the interfaces of a large “black spot’’ 
in an aqueous film is comparable to the interaction between two large hydro- 
phobic colloidal particles. In the next section Verwey and Overbeek’s theory 
of the stability of colloids will be applied to ‘“‘black spots’. 


4.4. STABILITY OF “BLACK SPOTS” 


According to the theory of the stability of colloids two different types of 
forces play a role in determining the interaction between charged interfaces, 
viz. the electric double-layer repulsion and the long-range London-van der 
Waals attraction forces. The existence of the long-range attractive forces has 
recently been established by means of painstaking experimental methods*; 
the results obtained by the various authors differ appreciably as to the depend- 
ence of the attractive force on the distance between the surfaces and to the 
exact magnitude of the constant A, which enters as a first power into the ex- 
pression for the attractive potential. These differences might, in part, be ex- 
plained by the fact that the experimental procedures employed by the Dutch 
and the Russian investigators were not exactly the same. The average dis- 
tance between the surfaces of the plane and the sphere in the experiments of 
Deryagin and Abrikosova was, apparently, large enough to make the electro- 
magnetic retardation of preponderant importance. Making allowance for this 
effect, the value of A for quartz calculated from their experiments, is equal to 
3-10-" ergs, i.e., about 3 times as high as the value given by the existent the- 
ories. Overbeek and Sparnaay did not find any influence of electromagnetic 
retardation in the attractive force measured between two plane surfaces. 
Application of the London-Hamaker theory to the experimental results leads 
to a value for A, which is about 40 times larger than the theoretical one. It 
may be deduced from both experimental investigations that application of the 
London-Hamaker theory to the attraction between the interfaces of a “black 
spot” will result in values for the attractive potential that are certainly not too 
high. The value of A has been assumed, in our calculations, to be equal to 
2.10-" ergs. It is to be noted that the attraction between two particles of air, 
dispersed in water, is equal to the attraction between two water particles of 
the same size and shape, dispersed in air as follows from Hamaker’s theory*. 

The total potential energy per cm? of surface, due to double-layer repulsion 
and London-van der Waals attraction, is given in Figure 4.7 as a function of 
the distance between two charged plane surfaces. The curves for two values of 
the surface potential have been calculated from the data given by Verwey and 
Overbeek for an electrolyte concentration of 0.025 N of a monovalent electrolyte. 
A conspicuous feature of these curves is, next to the presence of a very high po- 
tential energy barrier, the minimum for a value between 100 and 150 A for the 
distance between the surfaces. For this thickness of the “black spot’’ the 
mutual attractive forces of the molecules of the liquid, which will tend to reduce 
the thickness still further, have the same absolute value as the double-layer 
repulsion which will counteract the thinning of the film. The resulting nega- 
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tive potential energy has already a value of —2.7-10~* ergs for a surface area of 
0.1 cm?, i.e., about 7.10'° kT units. The increase of interfacial energy in this 
case (Equation 4.6) is only 2.5-10~ ergs, assuming again that the initial thickness 
of the film is equal to 1.51-0-5 cm and the surface tension 35 dynes/cm. The 
London-van der Waals attraction is, therefore, largely sufficient to counteract 
both double-layer repulsion and surface forces; the equilibrium of the three 
forces ensures the relative stability of a “black spot’”’ in a film of much larger 
thickness. For “black spots” of larger surface area the depth of the “potential 
minimum”’ will become correspondingly larger and the relative importance of 
the surface forces smaller. 

The theory outlined above explains very well the experimental observations 
reported in Section 4.2. If a liquid film prepared from a soap solution gradu- 
ally thins under the action of gravitation or other forces, the two faces of the 
film may approach locally over a considerable area to a distance where the 
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Fie. 4.7.—Total potential energy due to double layer sepaitien and London-Van der Waals attraction as 
a function of the distance between two surfaces of a “black spot’’. yo =surface potential. 


London-van der Waals attraction between the liquid molecules will enhance 
appreciably the action of the external forces. The process of thinning will be 
accelerated resulting in the formation of a “‘black spot’’, whose ultimate thick- 
ness will be determined by the position of the “potential minimum’’, hence de- 
pendent on the values of the ionic strength of the solution, the constant A and— 
to a lesser degree—the interfacial potential. In a film held vertically and per- 
fectly undisturbed by any external force except gravity, the “black spot’’ will 
start in the top of the film and grow downward, the frontier between the black 
part and the rest of the film being formed by a straight horizontal line. In 
general, however, a liquid film, either isolated or forming part of a foam, will be 
subject to forces acting in different directions, due to pressure differences in the 
liquid, which may originate from local fluctuations of the gas pressure or from 
differences in curvature of the gas-liquid interface. The thickness, at which 
the influence of the London-van der Waals attraction becomes appreciable, will 
be attained, therefore, in different parts of the film at the same time or in the 
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same short interval of time. Various “black spots’’ will be formed and grow 
rapidly in different directions, thus increasing the total “black” area. The rate 
of this process of growth will be dependent on the value of the London-van der 
Waals attraction and the viscosity of the liquid which has to be pushed from 
between the approaching surfaces. When two or more growing “black spots” 
meet colaescence of these spots, i.e. formation of one large spot, does not neces- 
sarily take place as has often been observed during the experiments described 
in Section 4.2. When the upper part of a vertically placed film has become 
“black” this part of the film does not consist, in general, of one alrge continuous 
“black spot” but it is subdivided into numerous small “black spots’. Their 
coalescence will proceed slowly because of the difficulty for the liquid in the 
thicker intermediate layers to “escape’”’ from between the “black spots”. In 
all cases observed, rupture of the film occurred before total coalescence of the 
agglomerated “black spots” had taken place. Rupture was always preceded 
by a very rapid growth of the total “black” area which seems to indicate that 
the accelerated liquid flow may be the immediate cause of the breakdown of the 
film. This hypothesis is in accordance with the well-established fact that 
liquid films which are kept as free as possible from any external disturbance 
may have a considerable lifetime even after having become totally ‘‘black”’. 
The internal liquid flow in these films will be very limited and of a more uniform 
character in comparison with the lamellae where formation of black spots occurs 
in different parts of the film. The large value of the activation energy of 
rupture prevents a collapse of the film unless spontaneous or induced fluctua- 
tions of the equilibrium conditions supply a suffiicent excess of energy to provoke 
rupture. 

Various possible mechanisms of film rupture may be proposed in theory; it 
will be the object of the discussion in Part V to investigate some of these possi- 
bilities and to determine their probability of occurrence in isolated lamellae and 
in foams. 


, V. MECHANISM OF FILM RUPTURE 


Lamellae of pure liquid and small molecule solutions are unstable because of 
the absence of a limiting thickness. Rapid collapse of these lamellae may start 
at relatively large thickness (~500 A) under influence of the London-van der 
Waals attractive forces. Small quantities of surface active ions will prevent 
this collapse mechanism from occurring in aqueous lamellae. A sufficient 
amount of activation energy for rupturing a “stable” lamella may be supplied 
by a local depression of surface tension in a small volume element of the film. 
The minimum surface area of such an element is calculated as a function of the 
film thickness, and its dependence on the rheological properties of the superficial 
layers of liquid (plasticity, viscosity and elasticity) is explained. 

Some results are given of an experimental investigation of the influence of a 
local rise in temperature on the lifetime of isolated lamellae of a Tee-pol solu- 
tion. The destabilizing effect of local heating is interpreted as a result of the 
decrease of surface tension in the warmer portion of the film. The importance 
of local temperature variations for the instability of foams is discussed. A 
calculation is given of the magnitude, frequency and average lifetime of spon- 
taneous temperature fluctuations in liquid lamellae under adiabatic conditions. 
It is shown that these fluctuations are able to affect the stability of very thin 
lamellae only (thickness of the order of some tens of A). 

A general explanation of the action of anti-foaming agents is given, based 
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on the occurrence of local depressions in surface tension. Finally the effect of 
mechanical disturbances on the probability of film rupture is considered. 


5.1. COLLAPSE OF “UNSTABLE” FILMS 


Rupture and collapse of a liquid lamella will always be preceded by the 
formation of a hole somewhere in the liquid and will demand, therefore, a cer- 
tain amount of activation energy as has been calculated in Part IV. The 
energy required will be relatively small for lamellae of pure liquids whose thick- 
ness may attain very low values as a result of drainage. The ultimate thickness 
of these films will be limited only by the dimensions of the liquid molecules. If 
this ultimate thickness will have been reached anywhere in the liquid, hole 
formation and rupture will immediately follow since the activation energy in 
this case will be only a few kT units (see Equation (4.4)), hence insufficient to 
prevent the spontaneous collapse of the film. Lamellae of pure liquids are, 
therefore, essentially unstable and incapable of forming a persistent foam struc- 
ture. The same reasoning is valid for all solutions of substances of low-molecu- 
lar weight. In general many of these unstable’ films will suddenly collapse at 
a thickness whose mean value is considerably larger than the sum of a few 
molecular diameters. According to Deryagin and Titievskaya, films formed 
by aqueous solutions of alcohols and undissociated fatty acids may already 
collapse at a thickness of 500 A. Before collapse took place the films gradually 
decreased in thickness down to this “‘critical’’ value at which the rapid transition 
to an unstable state occurred. It might be supposed that the London-van der 
Waals attractive forces will be of sufficient significance at this distance to cause 
a very rapid local thinning of the film. In contradistinction with the same 
process in stable” films of a soap solution, for example, the thinning of unstable 
films will be practically unhampered (or hampered to a much lesser degree) by 
the existence of electric double-layer repulsion. In the films investigated by 
the Russian authors cited, double-layer repulsion was probably not totally 
absent since it was observed that the process of collapse was accelerated by 
the addition of electrolytes. In such cases, the exact value of the surface po- 
tential will become rather important because the transition from instability to 
stability is very sensitive to the value of the potential in collodial systems with 
a low surface charge*®. 

The sum of double-layer repulsion and London-van der Waals attraction 
may be negative for all values of the thickness as is shown in Figure 5.1 for a 
surface potential of 25.6 mV but nevertheless contain a maximum which is 
found at about 250 A when the electrolyte concentration is 1 mmol/liter. A 
corresponding maximum is shown by the curve which represents the total po- 
tential energy, i.e., the above mentioned repulsion and attraction energy in- 
creased by the repulsion potential due to the surface energy. The values of the 
various parameters are: A = 2-10-" ergs, y = 70 dynes/em and r = 0.1 cm. 
The value of the maximum (2-10~° ergs for the chosen example) will, of course, 
rapidly decrease as the area of the approaching surfaces becomes smaller but a 
decrease of the surface area will, at the same time, enhance the relative imvort- 
ance of the surface energy (which is proportional to the first power ofr). If the 
value of the surface area should be 10 times as small as in Figure 5.1, the Lon- 
don-van der Waals attraction should be insufficient to counteract the surface 
forces and film collapse in the absence of external forces at a thickness of 500 A 
should be inexplicable. The only means of decreasing the value of the potential 
maximum is lowering the surface potential or increasing the electraolyte con- 
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centration. It follows that a lamella containing water or an aqueous electrolyte 
solution will rapidly collapse unless a potential difference exists across the inter- 
faces, whose values does not need to exceed a few tens of millivolts for an elec- 
trolyte concentration smaller than 0.001 molar (univalent electrolytes). The 
rate of collapse will be proportional to the attractive force and inversely pro- 
portional to the viscosity of the liquid, if the flow is assumed to be laminar. 
Thus relatively small quantities of surface active ions will be sufficient to pre- 
vent the described collapse mechanism occurring in aqueous lamellae. In 


E in 10° ergs 


o* 


+— Double 
+ London-Van der Waals attraction 


Fie. 5.1.—Total a energy of two approaching surfaces of a 
lamella at the limit of stability. go =25.6 mV. 


organic liquids, which possess a much lower dielectric constant, the double- 
layer repulsion is of lesser importance; lamellae of these liquids will, conse- 
quently, become unstable at large thickness and will rapidly collapse. The 
lifetime of these lamellae, like the foam stability of these liquids, will be mainly 
determined by the rate of drainage. An example of this behavior has been pro- 
vided by the experiments of Brady and Ross* on the foam stability of a number 
of hydrocarbon oils. The breakdown of these foams proceeds very regularly 
because all lamellae will collapse at about the same thickness releasing the en- 
closed gas at a constant rate. The foam stability may be conveniently defined 
in those cases as the total lifetime of the foam and will be proportional to the 
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kinematic viscosity of the liquid and the initial height of the foam column. 
For “‘stable” foams, in particular those containing surface active components, 
this simple model of spontaneous collapse will not hold, however, since film 
rupture in these foams is only possible after a sufficient supply of energy. The 
probability of rupture does not now need to be the same for all foam lamellae of 
equal thickness. 

Possible mechanisms of “activated” rupture in these lamellae will be dis- 
cussed in the following sections. 


5.2. COLLAPSE OF “STABLE” FILMS PROVOKED BY A LOCAL SURFACE 
TENSION DEPRESSION 


The availability at a certain moment of an extra amount of energy will be 
determined by the magnitude of 


a) spontaneous energy fluctuations in the liquid and in the gas phase; 
b) energy “shocks” (mechanical, thermal, acoustic) emanating from any 
external source. 


A positive fluctuation of the energy content of a very small part of a liquid 
lamella will be equivalent to a temporary rise in temperature of that part of the 
film. Its effect on the stability of the film will be the same as that of an external 
heat source. Local heating of a foam may lead to its collapse and it is probable 
that this phenomenon is related to the thinning of liquid lamellae under the 
influence of a temperature gradient as has already been demonstrated by 
Plateau (see Part I). The diminution of thickness is explained by the flow of 
liquid from the warmest part of the film where the value of the surface tension 
will be lower than in the surrounding cooler areas. The increase of surface 
energy caused by a local thinning of the film will, therefore, be partly or totally 
compensated by a gain in surface energy resulting from the extension of the 
warmer surface area if, at least, the temperature differences remain large enough 
during the deformation. Local surface tension depressions are not necessarily 
due to a spontaneous temperature fluctuation or the presence of an external heat 
source. They may also originate from chemical reactions in the liquid phase 
or a sudden change of composition (addition of an anti foaming agent). Before 
proceeding to a detailed discussion of these various possibilities, the general effect 
of a constant local surface tension decrease on the free energy of deformation 
will be calculated. 

The total change in free surface energy may be derived with the aid of the 
model developed in Part IV. We prefer, however, to introduce here a slightly 
modified picture of the local thinning of a lamella, which will allow us to obtain 
a very simple mathematical expression for the total energy change. The in- 
crease of surface area is only slightly dependent on the exact geometrical shape 
of the local deformation, which makes the expression for the energy rather 
insensitive to the pecularities of any model. 

We shall suppose that the film element where the tension is lower has a circu- 
lar cross section (radius = ao) and that its surface tension will be lower than 
that of the surrounding liquid by an amount Ay. The difference in surface 
tension will cause the film element under consideration to extend in a radial 
direction accompanied by a corresponding shrinkage of the surrounding area. 
Both surfaces of the thinning portion of the film will remain symmetrically 
curved during the deformation, each forming part of a spherical surface (see 
Figure 5.2). The degree of thinning is given by h whose maximum value (i.e., 
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at the moment of rupture) will be equal to half the value of the initial thick- 
ness ¢. 

The degree of extension is expressed by the value of a. These various 
parameters are interdependent because the volume of the deformed film element 


must remain constant during the extension as expressed by the following condi- 
tion: 


ragt = — 2-drh(3a? + Ah?) (5.1) 


The total increase of surface free energy upon extension is given by: 


AF, = 2n(h? + a*)y — — — (y + Ay) (5.2) 


where y is the surface tension of the liquid in the element. 
If the surface area of the film element is small, the influence of double-layer 
repulsion and London-van der Waals attraction may be neglected in compari- 


Fie. 5.2.—Local thinning of a lamella due to a surface tension gradient. 


son with the contribution of the surface forces. It may be assumed, therefore, 
that extension and thinning of the film element will occur when 


for all values of A. 
Combination of (5.1) and (5.2) enables us to express these conditions in the 

parameters ao, t and h. In all cases of practical importance (see below) A? is 

much smaller than 3a? and may therefore, be neglected in the right hand side 

of Equation (5.1). 

The following result is obtained : 


AF, <0 if: ac? > h(t — h)-y/Ay (5.3) 


dAF, 


2h(t — h)* 
dh 


< if: ay > y/Ay (5.4) 


It can be easily verified that the right hand side of (5.4) is always equal to or 
larger than that of (5.3) for all possible values of h. We have thus only to 
examine if a minimum value of ao exists for which condition (5.4) is always 
satisfied. 

The function [h(t — h)?/t] has a maximum for h = 3%. Insertion of this 
value into (5.4) shows that thinning of the film element leading to ultimate 
rupture is only possible when the initial area of the element has a minimum 
value which is given by: 
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For smaller values of ao thinning will not exceed a certain degree A the value 
of which may be calculated from (5.4). 

Condition (5.5) shows that the radius ap has to be at least of the same order 
of magnitude as the film thickness ¢ if immediate collapse is to take place. The 
influence of the presence of an adsorption layer at the interfaces of the lamella 
on the mechanism of film rupture described will be discussed in the following 
section. 


5.3. EFFECT OF AN ADSORPTION LAYER ON THE LOCAL 
THINNING OF FOAM LAMELLAE 


It has already been mentioned in Part I that the presence of adsorbed layers 
of surface active solutes may appreciably affect the rheological properties of the 
liquid surface. In certain cases (solutions of proteins, and also aqueous solu- 
tions of synthetic detergents*’ the existence of a “surface yield value’’ could be 
detected which means that flow of the superficial layers of liquid will occur only 
when the shear stress exceeds a minimum value. Experimental data are only 
occasionally reported in the literature; the highest values found by Brown, 
Thuman and McBain for aqueous solutions of sodium laury] sulfate, containing 
small amounts of lauryl alcohol are between 0.1 and 0.15 dynes/em. These 
values are of the same order of magnitude as those of the surface pressure 
(Ay) to be expected between the surface of a temporary warmer film element 
and the surrounding surface in the case of spontaneous temperature fluctuations 
(see Section 5.6). The “surface yield value’ of protein solutions may still be 
higher and it is therefore not unreasonable to attribute the remarkable per- 
sistence of the foams prepared from these solutions to the plasticity of the sur- 
face layer. Even if plasticity is absent the “surface viscosity” of many foam- 
forming solutions may attain values which are some orders of magnitude higher 
than the viscosity in the bulk of the liquid. A high viscosity of the superficial 
layers of liquid will, of course, never be able to prevent the deformation of a 
volume element of a foam lamella; it may, however, retard its thinning. When 
the deformation is caused by an equilibrium disturbance that is only active 
during a short period of time, the rate of thinning has to be sufficiently high in 
order to lead to film collapse before the system has regained its initial equilib- 
rium. The rate of thinning is inversely proportional to the viscosity of the 
flowing liquid if the flow islaminar. The flow behavior of the liquid in the small 
volume element is very complex and its elucidation constitutes a difficult hydro- 
dynamical problem. The surface tension difference will cause an outward 
radial flow of the superficial layers of liquid at both interfaces of the lamella. 
As a result of this surface flow the liquid in the interior of the film will become 
successively part of the surface and participate in its movement. The resist- 
ance against flow is, therefore, only partly determined by the value of the bulk 
viscosity but mainly by the viscosity of the superficial layer at the liquid-gas 
interface. All components which are adsorbed at the interface and thereby 
increase the surface viscosity of the liquid may be expected to increase the 
stability of the film against any disturbance acting during a limited period of 
time. 

It has been tacitly assumed throughout this discussion that the initial 
surface tension difference will remain constant during the total deformation 
process. If, however, the liquid contains one or more surface active compon- 
ents the sudden increase of the interfacial area of the thinning film element will 
result in a temporary diminution of the adsorbed amount of these cemponents 
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per unit of area. The surface tension of the deformed liquid will rise and Ay 
will correspondingly decrease until the initial value of the surface tension is 
restored by a renewed adsorption of surface active material. For dilute 
aqueous solutions the new equilibrium value of the surface tension after defor- 
mation may often be higher than before and the “restoring elastic force’ can be 
calculated for this case as shown by Gibbs (see Part I). In all cases however, 
the nonequilibrium value of the surface tension immediately after deformation 
will be still larger than that given by Gibbs. Attainment of the new equilib- 
rium will be reached at a finite rate whose value has been determined for various 
solutions and compared with calculated data of diffusion rates**. The values 
are strongly dependent on the composition and concentration of the solution; 
it appears that the time necessary for restoring the equilibrium value of the 
surface tension may range from 10~ second to some hours. The initial surface 
tension difference will rapidly decrease during the deformation when the rate 
of thinning is larger than the rate of attainment of surface tension equilibrium. 
In extreme cases the deformation process will cease after having reached a 
certain degree of thinning and may even become reversed because Ay will 
change in sign when the effect of decreased surface concentration is more im- 
portant than the influence of the initial surface tension depression. This may 
readily occur in many practical instances as the following considerations will 
show. The relative increase of interfacial area of the deformed film element 
is equal to (see Figure 5.2): 


+a — a? 
Sw ag? 


Its maximum value is attained at the moment of rupture (h = 4$t) and, ac- 
cording to Equation (5.1), is equal to: 


1 + 


In most cases t? < 3a" and the final surface area is, therefore, about twice 
as large as the initial one. The influence of a diminution of the surface concen- 
tration by a factor 2 on the value of the surface tension can be deduced from the 
surface tension dependence on the activity of the solute(s) with the aid of 
Gibbs’ theorem or from surface pressure measurements in a Langmuir trough 
(see Part I). Both methods show that the rise in surface tension caused by a 
decrease of surface concentration to half its initial value may, in many cases, 
amount to some tens of dynes/em, which is much higher than the surface ten- 
sion depression expected from a moderate temperature increase (see below). 
Arrest and reversal of the thinning process may even occur when the rate 
of surface tension equilibrium attainment is very high. In that case the rise 
of tension is given by Gibbs’ expression: 


(5.6) 


where G, and G, are the total quantities of the two components per unit area of 
the film and the subscript 2 refers to the surface active solute. For a given 
volume element of the film G2 is proportional to the thickness and hence the rise 
in tension per unit of relative area increase will, according to Equation (5.6), be 
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larger the smaller the film thickness. This is a direct consequence of the fact 
that the ratio between the number of adsorbed and dissolved solute molecules is 
a decreasing function of the thickness. If A is the area occupied by an ad- 
sorbed molecule or ion, the total number adsorbed at both interfaces of the film 
is equal to 2/At per unit volume of the lamella. In a “black” film of thickness 
t = 150 A this number will represent a concentration of 0.44 mole/1 when A 
= 50 A*. The concentration of dissolved molecules will, in general, be much 
lower; when an element of such a film increases its surface area by a factor 2 
the number of icolecules in the interior of the element will be largely insufficient 
to restore the surface concentration to its original value. Surface deformation 
of very thin films will, therefore, always lead to an increase of surface tension 
even at high rates of equilibrium attainment, and give rise to a restoring elastic 
force as postulated by Gibbs. Film collapse will, nevertheless, result from a 
local thinning when its driving force is greater than the restoring one. The 
probability of such an occurrence in the case of a local temperature increase 
will be examined in the following section. 


5.4. CONDITIONS OF FILM RUPTURE INDUCED BY 
A TEMPERATURE DIFFERENCE 


A local temperature rise in a liquid lamella may provoke thinning and ulti- 
mate rupture as described in Section 5.2 when the radius of the disc-shaped 
warmer film element has a minimum value which is given by: 


8 2 
ac’ 2 a7 (5.5) 


The minimum values of ao can be calculated for any value of the local tem- 
perature difference AT’ if the temperature dependence of the surface tension is 
known. 

The temperature function of the surface tension of water is equal to®: 


dynes/em/° C for all temperatures between 10° and 60° C. The addition of 
surface active solutes not only decreases the absolute value of the surface ten- 
sion but also its dependence on temperature, as shown by the following data: 
aqueous sodium oleate sol.: yx = 34 dynes/em; dy/dT = — 0.07 dyne/em/° 
C*: aqueous potassium laurate sol. (0.01 mol(: yeoe = 34 dynes/em; dy/dT 
= — 0.06 dyne/em/° C": aqueous Tee-pol sol. (1%); yoo = 33 dynes/em; 
= — 0.05 dyne/em/°C. 

A combination of low surface tension together with an appreciable tempera- 
ture dependence is encountered only in the case of unassociated organic liquids” 
where 0y/0T is equal to —0.12 dyne/em/° C, and y2o% may vary between 20 
and 40 dynes/cm. 

Use has been made of these data in order to calculate the minimum values 
of ao by means of Equation (5.5). The results are given in Table V for a num- 
ber of temperature differences. 

The calculated data show that the ratio ap (min)/t is of the same order of 
magnitude for all liquids and solutions concerned. 
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TABLE V 


Minimum VALUES OF THE Rapius OF A WARMER VOLUME ELEMENT IN A 
LAMELLA LEADING TO COLLAPSE 


Minimum value of ao in 
A 


Temp. difference ~ 
ATin °C Aqueous soap- and Unassociated 
detergent sol. organic liquids 


FILM COLLAPSE RESULTING FROM INDUCED LOCAL 
TEMPERATURE DIFFERENCES 


In this section some results obtained by two different experimental methods 
which have been applied in order to permit a more or less rough estimate of the 
temperature differences necessary to induce film collapse will be reported. 
The results may be compared with the theoretical data given in the foregoing 
section; finally, the probability of spontaneous film collapse in foams caused by 
local temperature differences will be discussed. 

The lamellae investigated were prepared again by immersion of a wire 
frame in a solution of 1% Tee-pol (~0.03 normal) to which 1% sodium alginate 
was added in order to increase its viscosity. After lifting the liquid film from 
the solution, its center was heated by means of a thin copper wire (diameter 
= 0.01 cm) pierced through the film and forming part of an electrical circuit 
comprising a battery and a resistance. The temperature of the wire was 
measured by means of a thermocouple at a point near the surface of the lamella. 
A range of temperatures could be attained by varying the potential difference 
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Fre. 5.3.—Effect of local heating on the lifetime of a lamella of a Teogel solution. @ heating by a craper 
wire pierced through the lamella. X heating by a copper needle at 40 microns distance from the lamella. 
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with the aid of the sliding resistance. A disadvantage of this method is the 
introduction of a new unknown factor, viz., the interface between the metal 
wire and the liquid which might influence the stability of the film. 

A second method has therefore been employed in which the localized tem- 
perature increase of the film was effectaated by means of an electrically heated 
copper needle, which was brought at a distance of about 40 microns from the 
center of the film by means of a micrometer screw. The temperature of the 
needle top was measured again with the aid of a thermocouple. The results 
obtained with both methods are represented by the two curves in Figure 5.3. 
At each chosen temperature, on the average, the lifetimes of six films have been 
determined by each method; in all about 60 measurements have been made. 

The lifetime of a film at a given temperature of the copper wire appears 
more or less to correspond with an equal lifetime in the second series of measure- 
ments when the copper needle was heated to the same temperature. This may 
be purely coincidental and does not necessarily mean that the temperature 
distribution around the center of the film was the same in both cases. 


Fra. 5.4. —iponiated, ———, aan inal lla as a functi the radial distance from the 
bentes wire. Effects of wire =0.01 cm. yr distance from circum- 
‘erence of wire. 


An important destabilizing influence manifests itself at a temperature differ- 
ence of about 10° C between the wire (or the needle) and the liquid from which 
the film has been prepared. The conditions of these experiments differ, how- 
ever, to a large extent from those of the simplified model described in Section 
5.2, which makes a direct comparison of theoretical and experimental results 
hardly possible. The volume of the warmer film element in the experiments 
is not constant but increases rapidly with time because of the conductivity of 
the liquid. Moreover its temperature is not the same throughout the whole 
volume but depends on the radial distance from the center and on time. The 
temperature distribution around the heated wire as a function of time may be 
calculated when heat transfer is caused only by conduction® (i.e., for a liquid 
at rest). Some results of such a calculation are given in Figure 5.4. It may be 
deduced that the heat from the wire expands very rapidly over a considerable 
volume of liquid during the lifetime of the lamella. Because of the flow of 
liquid from warmer to colder regions the influence of local heating will manifest 
itself at still larger distances from the wire than those given by the theory of 
conduction. According to the theoretical data given in Table V the linear 
dimensions of the surface of the warmer film element have to be at least of the 
same order of magnitude as the film thickness. This was certainly the case in 
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both experiments described; local heating gave rise to the development of a 
number of ‘‘black spots’’, which were clearly visible and the more or less circular 
surface area of which had a diameter of a least 0.01 cm, whereas the film thick - 
ness was of the order of a few microns. 

At temperatures for which the influence on the lifetime of the film was only 
slight, the “black spots’ formed in the center of the film rose to the top and 
united with the “black spots’’ already present in that part of the lamella. In 
those cases film rupture probably took place near the top in contradistinction 
with collapse in very short-lived films (AT ~ 10° C), which ruptured before 
the ‘‘black spots” had risen to the top. It might be concluded from these ob- 
servations that a temperature difference may decrease the lifetime of a lamella 
even when the value of the local temperature increase is insufficient to provoke 
rupture of the warmer film element; in the latter case its effect may be indirect, 
viz. an increase of the “‘black’’ area of the lamella and a corresponding increase 
of the probability of rupture. 

Local temperature differences of sufficient magnitude and affecting a 
sufficiently large area to decrease the film stability, can also be produced when 
the persistence of liquid films is measured at temperatures higher than about 
35° C in an apparatus, which is not perfectly thermostatted as has been demon- 
strated by Gillespie and Rideal“ for films of paraffin and benzene (thickness 
from 10~* to 10~ em), separating a flattened drop of water from a large volume 
of the same liquid. These authors found that the probability of film rupture is 
independent of temperature when the occurrence of local temperature variations 
is greatly reduced; if, however, convection effects in the thermostatted water 
jacket could cause disturbance of the temperature equilibrium, a decreasing 
film stability with increasing temperature was observed. Similar phenomena 
might readily occur in foams and the temperature dependence of foam stability 
reported by various authors** may well be due, partly or totally, to the presence 
of local variations of temperature caused by convection currents in the thermo- 
stat liquid and in the foam lamellae. This effect will be still more pronounced 
when heating takes place after the foam has been formed because of the rela- 
tively slow heat transfer in the foam itself. Important local temperature vari- 
ations may then be produced in the lamellae. 

Uneven temperature distributions might equally be expected in the case of 
exothermic (or endothermic) chemical reactions taking place between compon- 
ents of the liquid phase. The influence of local temperature differences on the 
rupture of foam lamellae is, therefore, of more than merely academic interest. 
In the manufacture of latex foam rubber for instance, the gelation of the rubber 
latex is brought about by ionic reactions in the liquid phase of the foam. These 
reactions tend to reduce the charge density of the rubber-water interface, either 
at room or at elevated temperatures depending upon the particular gelation 
agents used*®, Gelation of these foams is always accompanied by an appreci- 
able degree of film rupture, in particular when the foam is heated; it will be 
evident from the foregoing that the existence of local temperature variations 
may play an important role in these and other technological processes. 


5.6. EFFECT OF SPONTANEOUS TEMPERATURE FLUCTUATIONS 
IN THE LIQUID 


Local temperature variations in foams will arise even when heat exchange 
with the exterior is rigorously excluded. It will be the object of the following 
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discussion to investigate the influence of spontaneous temperature fluctuations 
in the lamellae on the probability of rupture. 
Temperature fluctuations in a volume element of liquid are relatively small ; 
their average value may be derived from the theory of statistical mechanics*. 
In any volume element of a liquid film in contact with a large amount of 
gas of average temperature 7’) the mean value of the temperature fluctuations 
will be given by: 


—— kT? 
AT C (5.7) 


where k is the Boltzmann constant and C the heat capacity at constant volume 
of the considered element of liquid. Hence the average temperature fluctuation 
in a volume element of water equal to 10~'8 cm will, at room temperature, be of 
the order of 0.5° C (k = 1.38-10~'§ ergs/° K, molecular heat capacity of water 
cy = 1.26-10~" ergs/molecule/° K). Let us suppose now that this volume 
element is part of a very thin black film (thickness ~10~* em); the radius of 
the circular cross section ao will then be equal to 0.5 t. It is evident from a 
comparison with the values calculated in Section 5.4 that a temperature in- 
crease of 0.5° C will be insufficient to provoke a thinning of this volume element 
leading to ultimate rupture. The probability of larger temperature fluctua- 
tions may be determined by application of a very general method given by 
Slater**. If W(7) dT represents the probability of finding a temperature 
between T and 7 + dT in a volume element of average temperature To, we 
have 


kT, (5.8) 


W(T)dT = const. exp — 


where E and S are the energy and the entropy of the liquid at the temperature 
T. Expanding the free energy function in Taylor’s series about 7’) and remem- 
bering that this function will have a minimum at the average temperature, the 
following result is obtained: 


E — TS = E(To) — ToS(To) 


Using the thermodynamic equations: 


dE as 
-¢ and (3) -$ (5.10) 


Equation (5.9) may be solved: 


E — ToS = E(Ts) — ToS(To) + (T — (5.11) 


Insertion of this result into Equation (5.8) and evaluation of the normaliza- 
tion constant by integration over all values of T’ — 7 leads to the following 
expression : 


aT (5.12) 


W(T)dT = ( Cc )’ a C(T — To)? 


2kT? 


+ (T — To)? +--- (5.9) 
dT? dT? 7-7, 
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This equation is analogous to Gauss’ well-known error function. The 
probability of a fluctuation larger than AT will now be given by: 


AT)? 
Waar (san) few d(AT) (5.13) 
= (2x) f exp — }X?dX (5.14) 
x 
where 
X = AT/T-(C/k)! (5.15) 


The value of the integral in Equation (5.14) may be read from the tables of 
Gauss’ error integral for any AT, T and C. 

The results of the calculation for a volume element of water equal to 10~'* 
cm? are given in Table VI. 


TaBLe VI 


PROBABILITY OF A TEMPERATURE FLUCTUATION > AT’ IN 107 *® cm? 
Water at 7' = 300° K 


4Tin° K War 
0.5 0.184 
1 0.034 
2 0.000126 
3 2-10-% 
4 3-107" 
5 10-" 
6 2-107%8 


The data given show that the probability decreases very rapidly for increas- 
ing values of the fluctuation. In larger volume elements the probability of a 
given temperature fluctuation will be correspondingly smaller since X is pro- 
portional to C*, and the heat capacity C is proportional to the volume of the 
element. The probability of a fluctuation larger than 3° C, which for 10-8 em? 
water is equal to 2-108, will for 4-10~'* cm* water be no more than 2-10-*8, 
i.e., a decrease by a factor 10” for a 4-fold increase of volume. It follows that 
spontaneous temperature fluctuations, which are sufficiently large to affect 
appreciably the stability of a lamella, will only occur in very thin films. The 
number of fluctuations per unit of time and its distribution will be the same for 
all volume elements of equal size in the lamella. In a “black” film or spot with 
a total surface area = 2S cm? and a thickness ~10~* cm, the total number of 
fluctuations per second in all volume elements of 10~'* cm*, which are larger 
than AT, is therefore equal to: 


S/10-”. (5.16) 


S/10- is the number of volume elements of 10~'* cm*, and dN,/dt is the total 
number of fluctuations per second in each element. 

If a fluctuation AT leads to immediate rupture of the film, expression (5.16) 
may be put equal to 1/7, where 7 is the average lifetime of the lamella. 

In order to calculate the number of fluctuations per second in each volume 
element, the duration of one fluctuation should be known. It will be obvious 
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that the duration of any fluctuation will be longer the larger the magnitude of 
AT’; it is impossible to define exactly the value of the fluctuation at a given 
moment since the time function of the temperature will never be constant but 
composed of a series of sinusoidal waves. We may nevertheless define the 
duration of the fluctuation as the period of time, in which the temperature 
fluctuation continually increases from its mean value, passes through a maxi- 
mum and finally falls off again until the average value is regained. The time, 
in which a fluctuation AT’ decreases to its mean value AT’, may be calculated 
if it is assumed that the warmer element transfers its excess of heat to the sur- 
rounding elements by conduction only. Carslaw and Jaeger“ have given a 
treatment of this case for a very small spherical element of radius a. Their 
approximated expression for a? < xt (where « is equal to thermal conductivity/ 
density X specific heat) reads as follows: 


a 
ar /at = (5.17) 


In a volume element of water equal to 10~'® cm® the time ¢ necessary for 
decreasing AT from 5 or 6° C to its mean value 0.5° C is, according to Equation 
(5.17) about 10~* second, x being equal to 1.14-10-* cm?/sec. For these ex- 
tremely low values of t, Equation (5.17) is at the limits of its validity ; in view of 
the approximate character of the reasoning given it does not seem worthwhile 
to attempt a more precise calculation. We will assume that the total number 
of fluctuations will be at least of the order of 10° per second. Insertion of this 
value into Equation (5.16) leads to the conclusion that only fluctuations of 
about 5° C or smaller may be of any practical importance as far as their fre- 
quency of occurrence is concerned. The number of fluctuations, which are 
larger than AT in a “black spot” of 1 cm, will be equal to 100 per second for 
AT = 5° C and only 1 per 5-10° seconds for AT = 6° C. According to Equa- 
tion (5.5), a temperature increase of 5° C in a cylindrical volume element of an 
aqueous solution at room temperature will lead to collapse of the lamella when 
the radius of the circular cross section is at least equal to 5.8 times the film thick- 
ness (see Table V). This means that in a lamella of thickness ~ 10~* cm the 
volume of the warmer element has to be much larger than 10~'* cm’ as assumed 
in our calculation. 

Condition (5.5) will be satisfied when the volume element of 10~'* cm’ forms 
parts of a lamella or a “black spot” having a thickness smaller than 25 A. 
Only in that case the stability of the lamella may be affected by spontaneous 
temperature fluctuations; the lifetime of the fluctuations in such a volume 
element will be apprediably larger than given by Equation (5.17) since the 
greater part of the surface (more than 80%) is now formed by the liquid-gas 
interface which will have a retarding influence on the heat transfer from the 
warmer element. The lifetime may now be sufficiently large to provoke an 
immediate breakdown of the lamella. The time interval in which a volume 
element of liquid will thin from, e.g., 25 A to 5 A, can be estimated from 
Stephan’s expression” for the rate of thinning of a cylindrical volume of liquid 
under the influence of a normal force F: 


: / 1 1 
time iP ( 33) (5.18) 


where d,; = 25-10-* cm and dz = em. 


= 


{ 
i 
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The force F is to be calculated by differentiation of Equation (5.2) for the 
free energy : its value is dependent on the exact magnitude of the surface area of 
the warmer volume element and may amount to 10-5 — 10~* dynes when the 
lamella consists of an aqueous soap solution. It follows from Equation (5.18) 
that the element will have attained a thickness of 5 A in about 10~’ sec if the 
viscosity 7 = 0.01 c.p. “Stable” lamellae of very small thickness (in the order 
of some tens of A) are, consequently, nonexistent unless the rheological ‘‘re- 
sistance’’ of the lamella (plasticity, viscosity or elasticity) is strong enough to 
annihilate any influence of spontaneous temperature fluctuations. 


5.7. ACTION OF ANTIFOAMING AGENTS 


The mechanism of local thinning of a lamella, as described in Section 5.2, 
will operate in all cases where a local decrease of surface tension is induced. A 
well known example is the effect of so-called antifoaming agents on the foam 
stability. If such an agent is added to a foam, it may either mix with the 
liquid phase or be adsorbed at the interface (depending on its chemical nature) 
and cause, in this way, an instantaneous decrease of the surface tension. In 
the first stage of the process the added component will certainly be unevenly 
distributed in the foam lamellae and hence local variations of the surface tension 
will result from the addition (this may even be the case when the surface tension 
of the pure antifoaming agent or of its solution is higher than that of the foamed 
liquid). It is not surprising, therefore, that a very large range of chemical 
compounds appear to exert a destabilizing effect on foams®', whereas at the same 
time the solutions of these compounds may be able to form a foam. 

This general explanation of the mechanism of film rupture caused by anti- 
foaming agents does not exclude the possibility of specific effects as for in- 
stance: diminution of the coherence of the adsorbed monolayer at the interface 
and a corresponding decrease of the surface viscosity, or surface elasticity, 
brought forth by the adsorption of the antifoaming agent®*. It appears never- 
theless probable that in many cases film rupture is a direct result of the in- 
homogeneity of the liquid phase causing local depressions of the surface tension 
in volume elements of the lamellae that are large enough in order to comply 
with condition (5.5). 


5.8. OTHER CAUSES OF FILM RUPTURE 


Another cause of film rupture, proposed by many authors, is the uneven 
distribution of the normal pressure along the surface of a lamella, which should 
equally result in a local thinning of the film. Such a disturbance of the me- 
chanical equilibrium might be due to vibrations emanating from any external 
source or brought about by statistical fluctuations in the gas phase adjacent to 
the lamella. The last mentioned possibility may be excluded as follows from a 
calculation similar to that given in Section 5.6 for the temperature fluctuations 
in the liquid. The result of this calculation shows that the pressure fluctua- 
tions to be expected are largely insufficient to cause an appreciable local thin- 
ning of the lamella. In order to decide if any mechanical or acoustic vibration 
may induce rupture of the lamella, two parameters have to be known, viz. the 
amplitude and the frequency of the vibration. Liquid lamellae are very elastic 
and largely deformable when the deformation is applied slowly as is shown by 
the ease with which a lamella of a soap solution may be transformed into a soap 
bubble. A moderate local increase of the pressure will only lead to rupture of 
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the film, therefore, if it is applied within a very short interval of time, which is 
smaller than the “relaxation time’’ of the film. 

As to the amplitude it will be obvious that the local deformation of a lamella 
must have a value of the order of its thickness for inducing an immediate 
rupture. If only surface forces are taken into account, the normal force 
necessary to deform one surface with ar ampltidue hf (see Figure 5.2) is equal to 
(d/dh) (xh*y) = 2mrhy, since the increase of total surface area upon deformation 
will be equal to: r(h? + a?) — ra’. 

For a “‘black’”’ film (¢ ~ 10~* cm) of an aqueous soap solution the force must 
have a value of about 2-10~ dyne if the film is to be completely pierced. When 
any force acting on a part of the lamella is insufficiently large to induce its im- 
mediate rupture, the motion of the surface will be propagated through the 
liquid of the film. The properties of the surface waves formed as a function of 
the characteristics of the liquid, like density and surface tension, may, in prin- 
ciple, be calculated® though the solution of the relevant equations in this 
particular case will present serious difficulties, the more so when the thickness 
of the lamella is not uniform because of the presence of “‘black spots’. Since, 
in general, all kinds of pressure disturbances will be present, the surfaces of a 
lamella will never be at rest but subject to periodic and aperiodic deformations. 
The probability that a deformation leads to rupture anywhere in the lamella, 
will be larger the smaller the local thickness, but it might be possible that those 
parts of the film, where the thickness shows a discontinuity (i.e., at the borders 
of a “black spot’’), are particularly liable to rupture. Neither theoretical nor 
experimental evidence is, however, available at the moment to lend support to 
the latter suggestion. 

An indication might perhaps be found in the observations reported in Part 
IV of this series viz. the very rapid growth of the “black” area immediately 
before rupture. It may be supposed then that the induced surface deforma- 
tions will facilitate the formation of “‘black spots’”’ by decreasing the thickness 
locally over an area large enough to ensure the stability of such a spot (this 
will most readily occur in the thinnest parts of the film as follows from the con- 
siderations in Part IV). Accelerated growth of the spot will follow (if the thick- 
ness of the film around the spot is not too large) under influence of the London- 
van der Waals attraction forces which will tend to increase the area of the spot. 
In all cases of spontaneous film collapse the sequence of the described acceler- 
ated growth and sudden rupture has been noted. The rapidly advancing 
frontline of the “black spot” will be the seat of high stress concentrations and 
turbulent flow. It is, therefore, plausible to assume that the rupture will be 
produced somewhere along this borderline. If this picture is correct, vibrations 
of any kind have not necessarily to be of very large amplitude in order to de- 
crease the stability of a lamella or a foam. The amplitude (or the sum of the 
amplitudes in the case of more than one vibration) must, however, be large 
enough to provoke an appreciable surface deformation of the lamella. Experi- 
mental investigations of the influence of forced vibrations on the stability of 
isolated lamellae should be helpful in a further elucidation of the mechanism 
of film rupture and foam destabilization, induced by disturbances of the me- 
chanical equilibrium. 

VI. SUMMARY * 

A foam is a colloidal system in which the dispersed phase is a gas. Foams, 

as well as other irreversible colloids, are unstable from a thermodynamic 


* Translated for eee Cuemistry AND TecHNnotocy by M. A. Golub from the French summary 
appearing in the original tex 
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standpoint owing to the presence of an extensive interface. Nevertheless, a 
large number of foams having a continuous liquid phase display remarkable 
persistence because the irreversible processes leading to thermodynamic equilib- 
rium often occur at a rather slow rate. The main purpose of this work was to 
study the mechanism and kinetics of these processes. 

The first part (I) considers the various factors, not all of equal importance, 
governing the stability of foams which had already been described in the sci- 
entific literature. That factor whose influence has been the most discussed 
and even the most contested is the surface tension of the liquid. In fact, a 
foam can possess a certain stability only when the liquid phase contains one or 
more surface-active materials. However, there is no general relationship be- 
tween the lowering of the surface tension and the increase in foam stability. 

The gas pressure in the bubbles of a foam is higher than the pressure in the 
surrounding liquid to an extent which is greater the higher the surface tension 
and the smaller the radius of curvature (Laplace and Young relationship). 
The difference in the pressures in the bubbles of various sizes causes the gas to 
diffuse from the smaller bubbles to the neighboring larger bubbles. As a 
result the smallest bubbles become progressively still smaller until they com- 
pletely disappear. The total surface of a foam, polydisperse with respect to 
the size of the bubbles, therefore decreases spontaneously, and the greater the 
surface tension the more rapid is this decrease. 

A spontaneous reduction in the total interface can likewise be induced by 
the rupture of the liquid lamellae comprising the walls of the bubbles. Such a 
rupture causes a coalescence of the bubbles originally separated by the lamella. 
The rupture follows a deformation of the lamella which is accompanied by a 
transient increase in area and consequently by an increase in the surface free 
energy. In fact, this energy is a function of both the surface area and the 
surface density of the adsorbed substance. Since this density decreases with 
increase in area, these two effects contribute in the same way towards the total 
increase of the surface free energy. Gibbs was the first to call attention to the 
influence of a variation of the surface density on the forces acting at the surface 
of a lamella, and he has given the name of surface elasticity to the phenomena 
occurring there. 

Elementary reasoning shows that, in all practical cases, the contribution of 
the surface elasticity has an importance comparable to that of the increase in 
area at constant tension. Consequently the deformation of the walls of the’ 
bubbles in a foam and the rupture which can thereby result are not only opposed 
by the presence of a surface tension but also by the surface elasticity of the 
liquid wails. 

It is shown here that the instantaneous surface elasticity depends upon the 
compressibility of the adsorption layers. 

Drainage or thinning of the lamellae under the influence of gravity leads to 
a partial separation of the phases without the total interface being reduced. 
The lamellae become progressively thinner and finally the macroscopic struc- 
ture of the foam undergoes a remarkable transformation. The bubbles which, 
from the start, were spherical assume the form of more or less regular polyhedra 
whose sides meet at angles of 120°. It is especially those foams of very small 
densities whose lamellae are susceptible of spontaneous rupture. 

We studied the gas diffusion across the walls of bubbles in various foams 
(Hevea rubber latex, aqueous solutions of Tee-pol, oil-in-water emulsions). 
The bubbles in these foams are all approximately spherical. The rate at which 
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the diameter of the small bubbles decreases was calculated as a function of the 
surface tension, the average thickness of the lamellae and the gas permeability 
of these lamellae (Part II). The experimental results were seen to be in agree- 
ment with theory. 

We determined the decrease in the total number of bubbles by counting the 
number of bubbles per unit surface in the plane of contact between the foam 
and the glass wall of a container (observed with a microscope) as a function of 
the age of the foam. The required mathematical relations were developed in 
the second chapter. 

If the initial distribution of bubble sizes is known, the reduction in the total 
number can be deduced from the rate of decrease in size of the small bubbles. 
We can thus establish a relation between the kinetic results and the different 
parameters of the foam—surface tension and permeability of the liquid, initial 
distribution of bubble sizes and the average thickness of the lamellae. The 
results of our experiments (Part III) fully confirm the theoretical predictions, 
and lead to the conclusion that the permeability of the lamellae is principally 
determined by the solubility and diffusion coefficient of the gas. The experi- 
mental method described can be used for a rapid evaluation of the foam stability 
as a function of the gas diffusion across the bubble walls. 

In order to have a better understanding of the resistance of the bubble 
walls to rupture we examined the behavior of isolated lamellae formed from an 
aqueous solution of Tee-pol and spread on glass or metallic frames. Such 
lamellae, maintained vertically, spontaneously become thinner as a result of 
liquid drainage. Optical interference fringes are formed in the upper part of 
the lamella followed by the appearance of several ‘‘black spots”. The total 
area of the “black spots” whose thickness, according to the measurements of 
various workers, must range between 120 and 500 A, increases sharply to the 
point of rupture. 

High-speed cinematography showed that the rupture is produced in the 
“black” part of the lamella. The linear dimensions of the perforation formed 
increase in proportion to the time elapsed; in the lamellae examined the rate of 
growth was 680 cm/sec. In the thicker lamellae (containing no “black spot’’) 
the formation of a perforation can be induced by means of an electrostatic dis- 
charge (Part IV). The diameter of the perfectly circular perforation is a 
linear function of the time. From rate measurements it can be deduced that 
the surface energy released as a result of the growth of the perforation is nearly 
completely transformed into kinetic energy of the liquid, as had already been 
suggested by A. Dupré. Cinematographic pictures of the spontaneous rupture 
of the lamellae of a foam showed that the rate of rupture in a foam is at least as 
great as in isolated lamellae. 

By means of a geometric model it is shown that the total interface of a 
lamella increases during the formation and the first stage of growth of a per- 
foration. The increase in the surface free energy must be considered as equal 
to the minimum value of the activation energy of rupture. This energy is 
proportional to the square of the lamella thickness, and for a “black’’ lamella 
of an aqueous solution of a soap amounts to more than 1000 kT units. For the 
same reasons the formation of a visible “black spot” in a lamella of much greater 
thickness requires considerable work. 

The electric double-layer repulsion which occurs when the adsorption layer 
is ionized is of secondary importance when a properly termed rupture is in- 
volved, i.e., in the formation of a perforation, because the area of the two sur- 
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faces which meet is very limited in this case. On the other hand, in the case 
of the formation of a “black spot” the contribution of the interaction of the 
double layers to the repulsion energy is far from being negligible. According to 
the theory of the stability of colloids (see the well-known work of Verwey and 
Overbeek), the potential energy when plotted as a function of the distance be- 
tween the charged interfaces must show a “secondary” minimum for a thick- 
ness of the spot which, according to the liquid composition, ranges between 100 
and 150 A. At this thickness an equilibrium exists between the electric repul- 
sion and the surface forces on the one hand and the mutual attractive forces 
of the molecules of the liquid (London-van der Waals forces) on the other. 

The formation of more or less stable ‘black spots” is not possible in the 
lamellae where the electric repulsion is entirely or nearly entirely absent (for 
example, the lamella of a pure liquid) because the intermolecular attractive 
forces rapidly give rise to a thinning and then rupture of the lamella. In all 
other cases, a certain amount of activation energy must be supplied to induce 
rupture. 

The rupture of a “stable” lamella can arise through a local depression of the 
surface tension as a result of a sharp rise in temperature or a variation in the 
chemical composition of the liquid (chemical reactions, addition of an anti- 
foaming agent). The minimum dimensions of the small volume element of 
the lamella in which the lowering of the tension (inducing instantaneous rup- 
ture) is produced were calculated as a function of the lamella thickness and the 
relative decrease in the surface tension (Part V). The influence of a local rise 
in temperature on the lifetime of the lamellae is explained in terms of the pro- 
posed theory. 

The magnitude, frequency and average lifetime of the spontaneous temper- 
ature fluctuations in the volume element of a lamella were also calculated. It 
can be deduced that such fluctuations do not generally diminish the stability 
of a lamella unless its thickness is very small (of the order of some tens of A). 

In all cases where the disturbance of the local equilibrium is of a transitory 
nature the surface viscosity of the liquid can play an important role by virtue 
of its retarding effect on the rate of deformation of the lamella. Moreover, 
the surface elasticity is likewise opposed to the deformation of a lamella, as was 
mentioned above. 

The influence of mechanical disturbances on the stability of foams can be 
explained by supposing that the surface vibrations due to such disturbances 
facilitate the formation of ‘‘black spots”. The general observation that rupture 
is always preceded by a very rapid growth of “black spots’’ could be interpreted 
as an indication of the fact that the final rupture is caused by the high concen- 
tration of forces at the borders of the growing ‘“‘black spots’. The verification 
of this hypothesis represents a very complex problem in hydrodynamics. 
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. Located in East Norwalk, Connecticut. 
Maintained as a development and 
technical service center in the interest 
of our customers and their efficient use 
of Vanderbilt materials for Dry Rubber, 
Latex, and Plastics Compounding. 


Consider these Vanderbilt materials 
when you order SBR 


AGERITE* SUPERLITE . . . a good stabilizer 
in nonstaining, nondiscoloring grades 


AGERITE* SUPERFLEX . . . contributes 
quality to cold rubbers for tires and mechanicals 


THERMAX*. . . available now in cold SBR 
black masterbatch (150 THERMAX: 100 SBR) 


Check your SBR supplier for details 


*T.M. Reg., U. S. Patent Office 


VANDERBILT C0., INC. 


230 Park New York. 


: 
: 
| : 


RUBBER CHEM. & TECH.—December 1958 


ADVERTISE 


RUBBER CHEMISTRY 
AND TECHNOLOGY 


KEEP YOUR NAME AND YOUR 
PRODUCTS CONSTANTLY BEFORE 
THE RUBBER TECHNOLOGIST 


A avertising rates and information about 
available locations may be lobtained from 
George Hackim, Advertising Manager, Rub- 
ber Chemistry and Technology, care of The 
General Tire & Rubber Company, Chemical 
Division, Akron 9, Ohio 
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Famous escape artist meets his match 


You’ve seen what often happens to bales 
of uncured synthetic rubber during ship- 
ment and storage. Subject to a condition 
called “cold flow,” the uncured product 
was once an incorrigible “escape artist.” 
It flowed, settled and burst from ordinary 
packages. Escaped rubber stuck to bits of 
cardboard, paper and dirt. Once con- 
taminated, it was difficult to process the 
rubber into quality products. 

Shell Chemical has solved this “sticky” 
problem—by caging 42 film-wrapped bales 
of synthetic rubber in a strong, light- 
weight, steel-strapped wooden container 


of unique design called the Flotainer*. 

Completely new in principle, the Flo- 
tainer keeps rubber in check, prevents con- 
tamination, reduces waste, speeds han- 
dling, and lets you store 20 tons of rubber 
on less than 100 sq. ft. of floor space. 

Leadership in packaging and delivery, 
plus versatility of product are qualities 
that customers have learned to expect 
from Shell Chemical. In addition—a 
specialized research and development 
organization devoted to general-purpose 
synthetic rubber assures prompt, depend- 
able technical assistance. 


*Flotainer is a Shell Chemical Trademark. 


Synthetic Rubber Sales Division 


Name 


P. ©. Box 216, Torrance, California 


SHELL CHEMICAL CORPORATION 


Fill out and mail this coupon for a complete description of the 
Flotainer—plus a catalog of Shell synthetic rubbers and latices. 


Title 


Company. 


Address. 
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Ameripol 

4700 

reduces your 
raw rubber 
costs almost 10% 


New Ameripol 4700 cuts al- 
most two cents per pound off 
raw material costs when used 
as a replacement for 37%- 
part oil-extended rubber. 
: Ameripol 4700 is a 50-part 
GumtRaL oil-extended rubber. It costs 
rates only 17.5 cents per pound and 
; still maintains end product 
properties for most appli- 

cations. 

Tensile strength of Ameri- 
pol 4700 is actually higher 
than many 37}4-part oil- 
extended polymers. Its mod- 

ulus is also higher, and 

hardness is maintained. 

Ameripol 4700 is light col- 
ored, making it ideal for many 
color applications. Get sam- 
ples and data. Fill out the 
coupon below and drop it in 
the mail. 


Goodrich-Gulf, 3121 Euclid Avenve 
Cleveland 15, Ohio 


Send Ure on Ameripol 4700. 


Name. 


Company. 
THE PREFER@ED RUBBER 


City 


Goodrich-Guif Chemicals. inc. 
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To the 
Rubber Industry! ~ ~ ~ 


This Journal is supported by advertising 
from leading suppliers to the industry. More 
advertising will permit the publication of a 
greater number of important technical papers 
on rubber which will make RUBBER CHEM- 
ISTRY AND TECHNOLOGY even more valu- 
able as a convenient reference of ‘‘ Rubberana.’’ 


Specify materials from suppliers listed on 
page 34. Urge other suppliers to advertise in 


RUBBER CHEMISTRY AND 
TECHNOLOGY 


Advertising rates and information about 
available locations may be obtained from 
George Hackim, Advertising Manager, Rubber 
Chemistry and Technology, c/o The General 
Tire & Rubber Company, Chemical Division, 
Akron 9, Ohio. 
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Another new development using 


B.EGoodrich Chemical 


ad fabrication advantages 


with 


HERE ARE THE FACTS: 

« This new series is a major improvement of nitrile rubber to 
materially aid fabrication, give superior end product 
properties. 

* combines a range of oil and water resistance superior to 
other nitrile rubbers. 

« improved tensile with higher elongation and lower moduli. 

* excellent solubility both milled and unmilled to give 
lower cement viscosities. 


* excellent aging and abrasion properties. 
blends easily with GR-S and other rubbers. pt | 
* blends easily to modify many resins. 


Ui oe 


Get samples or further information on these 
two new Hycar rubbers by writing Dept. HP-6, Rubber y 
B.F.Goodrich Chemical Company, 3135 Euclid 
Avenue, Cleveland 15, Ohio. Cable address: 8. £.Geedrich anid Company 
Goodchemco. In Canada: Kitchener, Ontario. 4 division of The B.F.Geedrich Company 


GEON polyviny! HYCAR rubber and latex 
\ BEGoodrich GOOD-RITE chemical lasticizers + HARMON colors 


AR 1052 | 
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STABILITE’ 


ANTIOXIDANT 


* Manufactured by Chemico, Inc. 
Distributed by The C. P. Hall Co. 


caw. | See C.PHall | 


CHICAGO, ILLINOIS CHEMICAL MANUFACTURERS = 
NEWARK, N. J. 


26 
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ST. JOE leadtree ZINC OXIDES were first produced by our 
unique electrothermic smelting process in 1931. Since then these 
pigments have found steadily increasing acceptance by the rub- 
ber industry as primary ingredients in their products. 

The various reasons for this acceptance may be summed up 
thus: By virtue of years of experience with St. Joe pigments, con- 
sumers have come to know St. Joe's high and undeviating stand- 
ards of quality and uniformity. They rely on these factors to main- 
tain or increase the quality of their own products. 

The earned preferential status enjoyed by our pigments in the 
rubber industry parallels the standing of other well-known prod- 
ucts of this company — the largest producer of pig lead and one of 
the leading producers of slab zinc and lead-free zinc oxides in the 

Car loaded with white Grenadier 


: Goytees is pushed into a gigantic 
vulcanizer for curing. 
SEND FOR YOUR FREE COPY 
Our recently published + ithe Courtesy: U. $. Rubber Co. 


ST. JOSEPH LEAD CO. 


GRADE ZINC OXIDE, and is available — 
with our pliments — to Purchasing 


Agents and Technologists Plant & Laboratory: 
Monaca (Josephtown), Pa, 


260 Park Avenue, New York 17 


on 
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NOW AVAILABLE 


VOLUME II 
MACHINERY and EQUIPMENT 


for 


RUBBER and PLASTICS 


Covering 
SECONDARY MACHINERY AND EQUIPMENT 


Volume 2 has over 700 pages of editorial content 
with authoritative descriptions for each classifica- 
tion: Types, Specifications, Design Features, 
Operation, and Applications, as well as names 
and addresses of the manufacturers or suppliers. 
More than 300 illustrations. Cloth-bound. 


Send for complete prospectus 
Over 4,000 Copies of Volume 1 have been sold 


Volume 2—$15.00 Postpaid in U.S. A.— 
$16.00 elsewhere 


RUBBER WORLD 


630 Third Avenue New York 17, N. Y. 


| 
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SUPERIOR ZINC CORPORATION 
121 North Broad Street Philadelphia 7, Penna. 


Works at Bristol, Pa. 


VULCANIZED VEGETABLE OILS 
RUBBER SUBSTITUTES 


CARTER BELL PRODUCTS 


REPRESENTED BY 


HARWICK STANDARD CHEMICAL CO. 


Akron — Boston — Trenton — Chicago — Denver — Los Angeles — 
Albertville (Ala.) — Greenville (S. C.) 
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NEW 
“MODEL CRE” 

Constant-Rate-of-Extension 
Tensile Elongation Tester. 
Inertialess electric weighing 
up to 1,000 Ibs. Designed 
for speed and simplicity of 
operation, and eliminating 
operator fatigue, Model CRE 
is ideal for production test- 
ing. 

Scott provides 


scott 
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SCOTT TESTERS - World Standard 
for conformance with methods of 


AUTOMATED 
MOONEY VISCOMETER 


Recorders with wired pan- 
els now control complete 
Mooney test cycle. Insert 
the specimen and push the 
button. The controls take 
over, provide a_ 1-minute 
warm-up, start the test and 
record the data, and shut 
off both Mooney and re- 
corders at the end of the 
test. 


HIGH-TEMPERATURE 
AGEING 


These testers provide con- 
tamination-free ageing in in- 
dividual compartments. For 
atmospheric pressure, Model 
LG provides temperatures 
up to 600°F, and Model 
LGH to 1,000°F. Model 
LGP provides high pres- 
sures, in air, oxygen or 
other gas, up to 600°F. 


a complete line of Testers to evaluate 
elastomeric compounds and products for tensile, elonga- 
tion and tear, from —70°F to 600°F, also for state-of-cure 
and complete curing characteristics, brittle-point, adhe- 
sion, rebound, flexing, abrasion, etc. 


REQUEST LITERATURE 


SCOTT TESTERS, INC. 


33 BLACKSTONE ST., PROVIDENCE, R. I. 


New Symbol of World Standard Testing 


30 
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+ for 
d bright cially vinyls: 


new white on or plastics: espe i 

BUCA 


A proved 
types of 


Pigment for com 
Poundin 
natural and synthetic 


| 


xic 
A gried pber and 


For wire and 


vinyl compounding 


No. 33 CLAY 


| Technicol Service Dept. | 
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You Can Count on Rapid Incorporation ... 
Improved Dispersion With... 


iy 4 ey 


ATreated 
ZINC 
OXIDE 


For Use in Rubber 


AZO ZZZ-55-TT is heat treated 
in a controlled atmosphere that 
removes objectionable trace 
elements and enhances mixing 
and dispersion. In addition, it is 
treated chemically to improve 
mixing and dispersion properties 
to an even greater degree. 


AZO ZZZ-55-TT is a general 
Increased resistance to tear purpose, smooth processing zinc 
to aging oxide. We can highly recommend 
it to users who desire a treated 
zinc oxide. May we suggest that 


OTHER ADVANTAGES 
OF AZO ZZZ-55-TT 


Faster curing 

Safe processing 

Improved scorch resistance 
Lower acidity 

High apparent density 

Low moisture absorption 
High tensile strength 


NOTE 
you try it in your most exacting 
rubber grade 
acaiieetbiisines recipes. Samples on request. 
available as AZODOX merican 


(de-aerated),. AZODOX 

has twice the 
apparent density, 
half the dry bulk. 


inc sales company 


Distribeters for AMERICAN ZINC, LEAD & SMELTING COMPANY 
COLUMBUS, OHIO + CHICAGO + ST. LOUIS + NEW YORK 
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HUBER CARBON BLACKS 

Wyex EPC Arogen GPF 
Easy Processing Channel Black General Purpose Furnace Black 
Arrow MPC Aromex CF 
Medium Processing Channel Black Conductive Furnace Black 
Essex SRF Aromex ISAF Intermediate 
Semi-Reinforcing Furnace Black Super Abrasion Furnace Black 
Modulex HMF Arovel FEF 
High Modulus Furnace Black Fast Extruding Furnace Black 

Aromex HAF 

High Abrasion Furnace Black 


HUBER CLAYS 
Suprex Clay . High Reinforcement 
LGB r Very Low Grit, High Reinforcement 
Clay. - «+ Easy Processing 


Very iow Easy Processing 


HUBER CHEMICALS 
Turgum S, Natac, Butac. . - «+ Resin-Acid Softeners 
Zeolex23  . . . « « « « Reinforcing White Pigment 


World wide news coverage provides international items of 
interest to readers in all parts of the world every week. 


A year’s subscription to Rubber Journal & International Plastics 
costs £2.15s8.0d or $7.70 including postage. Write for details to: 
Rubber Journal & International Plastics 
Subscription Department, Maclaren House 
131 Great Su.lol« Street 
London SE 1 
England 


YEAR OF 
PUBLICATION 
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RUBBER CHEMISTRY AND TECHNOLOGY 
IS SUPPORTED BY ADVERTISING 
FROM THESE LEADING SUPPLIERS 


INDEX TO ADVERTISERS 


American Cyanamid Company, Organic Chemicals Division. . .. 
American Zinc Sales Company 

Cabot, Godfrey L., Inc 

Carter Bell Manufacturing Company, The 

Columbia-Southern Chemical Corporation 

Columbian Carbon Company (Opposite Table of Contents) 

Du Pont, Elastomer Chemicals Department (Chemicals) 

Du Pont, Elastomer Chemicals Department (HYPALON) 

Enjay Company, Inc 

Goodrich, B. F., Chemical Company (Hycar) 

Goodrich Gulf Chemicals 

Goodyear, Chemical Division 

Hall, C. P. Company, The 

Harwick Standard Chemical Company 

Huber, J. M., Corporation 

Monsanto Chemical Company 

Naugatuck Chemical Division (U.S. Rubber Company) Chemicals 14 
Naugatuck Chemical Division (U.S. RubberCompany) Naugapols 15 
New Jersey Zinc Company, The (Outside Back Cover) 
Phillips Chemical Company (Philblack) 

Phillips Chemical Company (Philprene) 

Richardson, Sid, Carbon Company 


Rubber World 

St. Joseph Lead Company 

Scott Testers, Inc 

Shell Chemical Corporation, Synthetic Rubber Sales Division. . . 
Southern Clays, Inc 

Stamford Rubber Supply Company 

Sun Oil Company, Sun Petroleum Products (Opposite Title Page) 16 
Superior Zinc Corporation 

Thiokol Chemical Corporation, Chemical Division 

United Carbon Company (Inside Front Cover) 
Universal Oil Products Company 

Vanderbilt, R. T., Company 

Witco Chemical Company (Opposite Inside Cover) 
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On-the-job literature for Rubber Men 


ADHESIVES AGE 


A new magazine by the publishers of RUBBER AGE. 


As you are well aware, adhesives have become an increasingly important part 
of today’s rubber technology—speeding production, cutting costs, making 
new and improved products possible throughout the whole of industry. 
ADHESIVES AGE is the first magazine to provide urgently-needed informa- 
tion about the chemistry, manufacture, use and application of adhesives. 
News of new products, new techniques, new methods and new materials— 
that offer opportunities for growth, expansion, sales and profits. 

Now—in as much time as you want to spend with each issue, you can keep 
yourself expertly informed on the developments you are most interested in. 
For ADHESIVES AGE is factual, authoritative, eT You will find 
it easy to read, easy to use, interesting, practical . . . and filled with useful 
ideas you can put to work. 

You get a full year’s subscription (12 issues) of ADHESIVES AGE for 
only $5.00. 


The industry’s outstanding technical journal covering 
the manufacture of rubber and rubberlike plastics 
products. 


1 year $ 5.00 $ 5.50 $ 6.00 
AGE 2 years 7.50 8.50 9.50 
3 years 10.00 11.50 13.00 

Single copies (up to 3 months) 50¢ 

Single copies (over 3 months) 75¢ 


The “pharmacopeia” for rubber—providing all the rub- 
ber compounds published in technical journals and sup- 
pliers’ releases. Each compound on a separate card 


THE RUBBER with marginal indexes for various physical properties, 
type of hydrocarbon, etc. A simple mechanical system 
permits you to select compounds keyed to any prop- 


FORMULARY _ v-_ monthly. 


The Rubber Formulary is available on annual subscrip- 
tion through RUBBER AGE at a cost of $95 per year. 
Back issues available. 


RUBBER Contains complete lists of rubber manufacturers and 


suppliers of materials and equipment, services, etc. 


RED BOOK Eleventh issue—1957-58 edition, $12.50* Postpaid. 


PALMERTON PUBLISHING CO., INC. 


. 101 West 31st St., New York 1, N. Y. 
* Add 3% Sales Tax for copies to New York City addresses. 
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FOR EXTRA HIGH RESISTANCE 


TO DETERIORATION, 


MAKE YOUR PRODUCTS WITH 


HYPALON 


(DU PONT SYNTHETIC RUBBER) 


HEAT-RESISTANT—HyPa.on shows un- 
usual resistance to hardening at ele- 
vated temperatures (250°-350°F.). 
Ask for Reports 56-4 and BL-306. 


OZONE-RESISTANT—Exposure to ozone 
concentrations up to 150 ppm—a mil- 
lion times atmospheric concentra- 
tions—have shown that compounds of 
HYPALON are unaffected by ozone. 
Ask for Report 56-4. 


WEATHER-RESISTANT—Compounds of 
Hypaton, brightly colored, white or 
black, do not lose their physical 
properties or appearance during long 


outdoor exposure. Ask for Reports 
56-4 and BL-328. 


CHEMICAL-RESISTANT — Concentrated 
sulfuric acid and hypochlorite solu- 
tions have little or no effect on com- 
pounds of Hypaton. Their superior 
resistance to oxidizing agents is a dis- 
tinct advantage over other rubber 
compositions. Ask for Report 57-10. 


HyPALon also offers superior scuff 
and abrasion resistance—plus oil and 
grease resistance. Properly com- 
pounded vulcanizates of HYPALON 
will resist flex cracking and crack 
growth, will not support combustion. 


Report 56-4 discusses compounding and processing of HYPALON 20 


Ask our District Offices for the reference reports if you don’t have them. 


E. I. du Pont de Nemours & Co. (Inc.), Elastomer Chemicals Department, Wilmington 98, Delawere 


Better Things for Better Living 


DISTRICT OFFICES 


Akron 8, Ohio, 40 E. Buchtel Ave. at High St POrtage 2-846; 
Atlanta, Ga., 1261 Spring St, TRinity 5-5391 
Boston 10, Mass., 140 Federal St. 
Charlotte 1, N. C., 427 W. 4th St. 

Chicago 3, lil., 7 South Dearborn St. 
Detroit 35, Mich., 13000 W. 7 Mile Rd. 
Houston 6, Texas, 2601A West Grove Lane 
Los Angeles 58, Calif., 2930 E. 44th St 
Palo Alto, Calif., 701 Weich Rd. 

Trenton 8, N. J., 1750 N. Olden Ave. 


HAncock 6-1711 
FRanklin 5-5561 


. +. through Chemistry In New York call WAlker 5-3290 


in Canada contact: Du Pont Company of Canada (1956) Ltd., Bex 660, Montreal 
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